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In this thesis a thorough investigation of 4-reactor shunt compensated 
systems under unbalanced fault-transient conditions has been carried 
out. Mathematical models for incorporating 4-reactor compensators into 
single and multi-section feeder systems, together with the technique used 
to simulate reactor saturation, are developed. The techniques are very 
general, are applicable to transposed and untransposed multi-conductor 
lines of any configuration, and can take into account the frequency 
dependence of system parameters. Using these techniques computer 
programs are developed to study :
a - Effect of shunt-compensâtion on primary system response, 
b - System and reactor overvoltages.
c - The probability of reactor saturation and its effect on primary
system wave forms and hence on the performance of distance protection.
d - Effect of shunt-compensation on the performance of distance protection,
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LIST OF SYMBOLS
PPS , ZPS Positive and zero phase sequences.
^cl ’ \ o = PPS and ZPS line capacitive susceptances.
^cl * \ o = . 1/BcO-
Bch > Beg = Phase-phase and phase-ground capacitive susceptances
^ch * ^cg = 1 /A h  ' i /A g -
"cn — Capacitive reactance of grounded leg of 4-branched, Y equivalent circuit.
XP = Phase and neutral reactances of a 4-legged reactor.
% ' \ )
, = PPS and ZPS reactances of reactor arrangements.
\ h * = Phase-phase and phase-ground reactances of 6-reactor scheme.
&g
= i / h h  • i / h g  •
"l i * ^LO PPS and ZPS inductive susceptances of reactor schemes.
^1 , Bq = PPS and ZPS degrees of shunt compensation.
^SR = Shunt reactor rating.
SE , RE = Sending and receiving ends.
V , Î = Voltage and current transform.
SR^ , SR^ = Two-port transfer matrices of SE and RE reactors.
U , 0 = Unit and zero matrices.
X = Distance of fault.
£ = Length of feeder under consideration.
^ 1 ’ Bt i »C^1»D-p2 = Matrices defining the system up to point of fault.
Ap2»®T2*^T2*^T2 = Matrices defining the system beyond point of fault.
^SRl'^SRZ = Impedance matrices of SE and RE reactors.
Y Y ^SRl’ SR2 = Admittance matrices of SE and RE reactors.
S.S = Steady-state.
& S '^SS = Transform of S.S. voltages and currents at the SE.
\ s '^RS = Transform of S.S. voltages and currents at the RE.
% 'îfs = Transform of S.S. voltages and currents at point of fault.
Vf£ , §££ = Transform of superimposed voltages at point of fault.
V r , Ï f = Transform of superimposed voltages and currents at
the S.E.
Vgr , Inf = Transform of superimposed voltages and currents at
^  ^  the R.E.
^fsf’ ^fRf ~ Transform of superimposed currents at point of fault.
%£ , R^ = Fault impedance and resistance matrices.
Zgg , Zj^ = Impedance matrices of main sources at the S.E. and
SCL , = Short circuit level and current.
S.S.C.L. , R.S.C.L. = SCL at the S.E. and R.E.
Z^ , Zq = PPS and ZPS impedances of main sources.
^SSO^^SSl ’ ^RSo/^RSl ~ ZPS/PPS impedance ratio of S.E. and R.E. main sources
Qg , = X/R ratio of S.E. and R.E. main sources.
*n ~ Line length of feeder having n-sections.
= Length of line model under consideration.
^^1*^21’̂ 21*^21 ~ Matrices defining the multi-section feeder system
up to point of fault (including S.E. main source).
^SM * ^SSM ” Modified (3,3) and (6,6) S.E. source impedance
matrices due to the near-S.E. line sections.
^RM * ^RSM ~ Modified (3,3) and (6,6) R.E. source impedance
matrices due to the near-R.E. line section.
Y = Propagation constant matrix.
Z,Y = Series impedance and shunt admittance matrices per
unit length.
S = Voltage eignvector matrix.
Z^ , Y^ = Surge impedance and admittance matrices.
A£,B^,C£,D£ = Constants of first section of a transposed line.
A 2 ,B2 ,C2 »D2 = Constants of second section of a transposed line.
Ag,Bg,Cg,Dg = Constants of third section of a transposed line.
CN,CN ,CP,CP = Transposition constant matrices,
t = Transpose of a matrix.
^(t) = Time variation of flux linkage of any of the 4-
reactors.
= S.S. peak flux linkage of phase-reactors.
“0 = System nominal angular frequency.
CO = Angular frequency.
A  ' = Peak voltage across phase and neutral reactors.
At = Time interval between samples of voltage or current.
V(t) = Time variation of voltage across reactors.
A  > A = Initial and final slopes of a non-linear reactor.
A = Saturation shunt inductance.
A a t = Voltage source for simulating reactor saturation.
A  > A = Voltage across and inductance of linear neutral reactor.
A = Time at which saturation occurs.
Â = Transform of voltage-earth of neutral point 'X'.
A = Transform of current of non-linear neutral reactor.
A = IVLg.
K, = Constants.
Â  ' A = Transform of voltages due to saturation - at S.E.
Â  ' ÎR = Transform of voltages due to saturation - at R.E.
Â e  ’ ^SE Transform of overall system voltages and currents at the S.E. with S.E. neutral reactor in saturation.
TOB = Observation time.
a = Frequency shift constant.
FT = Fault inception time.
NS = Number of frequency samples.
A i  ’ ^LO = PPS and ZPS impedances of line under consideration.
e = Line angle.
*T = The mho characteristic argument.
A = Current replica impedance.
Si . Sz = Ceneral form of relaying signals.
C.T., V.T. = Current and voltage transformers.
A  ’ = Relaying voltage and current at the secondaries of V.T. and C.T. respectively.
A = Sound-phase polarising voltage.
V ,V, ,V = Voltages of phases a,b,c respectively at V.T.
^ secondaries.
I ,1,,I = Currents of phases a,b,c respectively at C.T
^ secondaries.
k = Residual compensating factor.
= Residual current at C.T. secondaries.
KP^ = Sound-phase polarising voltage constant.
v(t), i(t) = Time variation of voltages and currents at
secondaries of V.T. and C.T. respectively.
Rp , Lt, = Referred resistance and inductance of transformer
reactor.
Rp , Cp = Component resistance and capacitance for polarising
phase-shift circuit.
N = Secondary to primary turns ratio of transformer
reactor.
V (t) = Time variation of sound-phase voltage input tos polarising circuit.
Vpj(t) = Time variation of output voltage of transformer-
reactor or polarising circuit.
^34*^34*^34*^34 ~ Matrices defining the multi-section feeder system
beyond point of fault (including R.E. main source).
CHAPTER 1 INTRODUCTION
l.I Literature Review and State of Knowledge
Due to the enormous growth of electrical power systems in both size 
and complexity, much effort has been made to enable an accurate 
simulation of power system transients and hence proper system design 
and development of system protective schemes to be achieved.
The response of a transmission system following any sudden change 
in operating conditions such as fault initiation or switching 
operation may generally be classified as follows:
1 - An initial surge-period in which travelling wave effects 
predominate.
2 - A final steady-state period during which system voltages and 
currents are periodic.
3 - A dynamic or temporary period - a transient period linking (1) 
and (2).
On modem EHV systems, control of surge-period overvoltages allows 
relatively low insulation levels to be adopted. It is therefore 
important to predict the temporary-period overvoltages so that the 
probability of insulation failure can be maintained at an acceptably 
low value. This is usually done through the study of transient 
phenomena using a realistic model for a typical power system where 
some form of simulation is to be adopted.
For many years investigations have been made using analogue models 
of the actual systems. These models called "simulators" or 
"Transient Network Analysers" (T.N.A.s), usually consist of a 
scaled down analogue in which transmission lines are represented 
by a large number of lumped-parameter n or T s e c t i o n s .
Although it has always been a powerful tool for transient simulation, 
the T.N.A. is not convenient to simulate the distributed nature of 
line p a r a m e t e r s . Besides, in a line model with a finite number 
of sections, it is not possible to cover the infinite frequency 
response bandwidth and hence a rather approximate response is 
unavoidable^^).
An obvious alternative to study power system transients is the use 
of digital techniques. Based on travelling wave phenomena, a number 
of methods are available to solve the system equations (1.1) and (1.2)
dV
/dx = - Z . I   1-1
The equations may be solved using the laplace transform^^’^’̂ ^). 
Applied to system equations for the phase voltages the method 
produces a number of interdependent second order differential 
equations for voltage in terms of distance. These are separated by 
transforming the voltages into independent modes Wiich travel on the 
line without interaction. Once the modal waves are known, the phase 
voltages are evaluated by adding the forward and backward modal waves 
and using the inverse of the modal transformation.
An alternative form of the laplace method was employed by Dommel^^) 
and assumes lossless or distortionless propagation.
A third method is based on the well known lattice-diagram technique 
described by Bewley^^) and was used in much of the earlier work^^^) 
for computer simulation of travelling waves in power systems. Again, 
the method is based on the assumption of lossless or distortionless 
propagation. The calculations are performed in terms of the voltage 
wave increments which travel on the line and the behaviour of these 
travelling waves at points of discontinuities is determined by 
reflection and refraction coefficients. Whereas for single phase 
calculations these coefficients are calculated from the individual 
line surge impedances, for 3-phase studies they are replaced by 
surge impedance matrices and in this way the mutual effects between 
phases are taken into account. Line surge impedance matrix is 
evaluated at the transient predominant frequency or if this is not 
known, at a frequency based on the travel time of the line being 
subjected to transient.
Most power lines have small losses, and for transmission involving 
only the lines themselves, the line distributed parameters can be 
considered nearly constant over a wide range of frequency. In such 
a case, the digital simulation techniques just mentioned, among others, 
may give results in close agreement with actual system response.
For transmission involving the earth, however, line resistance and 
inductance vary significantly with frequency, and therefore it follows 
that a lossless or distortionless model is not a satisfactory
representation of this type of propagation if extreme accuracy is 
required.
In such cases, Fourier transform (FT) techniques have been very 
effectively utilised. Fundamentally, the method requires the 
calculation of system response to be performed over a wide range
of frequency and the inverse Fourier transform is used to obtain
the response in the time domain. The theory of natural modes in 
multi-conductor power lines was formulated by Wedephol and then 
effectively used in conjunction with the Fourier transform techniques 
for predicting the behaviour of such lines under energisation and 
de-energisation conditions . Similar work has been done by Hedman^^"^) 
and a theory of modal analysis used in a frequency-dcmain program was 
presented. The study of transients due to switching operations 
and the effects of frequency dependence of transmission line para­
meters have also been r e p o r t e d .
Again, it has to be emphasised that accurately simulating power
system transients can serve two main purposes:
1 - To examine the effect of primary system wave forms on protective 
relays and the possibility of improving them if they prove inadequate.
2 - To predict system overvoltages according to which economical 
insulation levels are determined.
It has always been known that the main switching overvoltages are due 
to line energisation and de-energisation. In practice, however, it 
has been found possible to restrict these overvoltages to below 1.5pu,
especially in EHV systems. This reduction has been achieved by 
various control methods such as single or multiple pre-insertion 
resistors, opening resistors, synchronised circuit breaker pole 
closure etc.. When switching overvoltages are so reduced, over­
voltages due to fault initiation may become the limiting factor.
B e c a u s e 901 or more of the faults that occur in a practical 
system are single-line-to-ground faults, transient overvoltages of 
the order of 2 pu may be experienced by the sound phases and it 
follows that accurate simulation of system transients due to initiation 
of such faults, becomes of considerable importance. The problem of 
fault surges was brought into sharper focus when Kimbark^^^^and Legate 
used the T.N.A. to study the phenomena on a single circuit line. In 
addition, they presented a lattice diagram approach for a theoretical 
study of the problem with certain approximations. Later, analogue 
computer studies of the problem have been made^^^*^^). In their 
study, however, Clericic et a l have emphasised the importance of 
overvoltages due to fault initiation and fault clearing in determining 
system insulation level when switching overvoltages are controlled by 
using modem circuit breakers. They have given consideration to the 
sequence of events when a line-earth fault occurs, i.e. fault initia­
tion, fault clearing, and reclosing operation. In such a case, the 
overvoltages generated on the sound phases of the same line can cause 
the fault to develop from a single-phase into a multi-phase or even 
can cause faults on other lines on the system. Hiring fault clearing, 
the risks have been shown as the loss of another line in the network 
in addition to the faulted line. For the reclosing operation, the 
risk has been defined as the possibility of insulation failure of the
line being switched due to overvoltages. The authors have concluded 
emphasising the importance of choosing the best accurate simulation 
technique suitable for fault-surge predictions.
In the above reviewed studies, so far, lines were assumed to be 
ideally transposed, uncompensated, with frequency invarient parameters 
Boonyubol et al^^^), however, have made use of the laplace transform 
method to evaluate fault-transient overvoltages. Furthermore, a more 
accurate and realistic simulation of fault-surges on single and double­
circuit uncompensated lines, using the modified Fourier transform 
technique has been presented^^^*^^).
The continuous increase in transmission voltages over long distances 
has emphasised the importance in EHV systems of the excessive line 
reactive power and the associated means to control them so that a 
reasonably constant voltage along the line can be maintained. 
Especially in the case of initial systems or long a.c. lines energised 
through relatively weak sources, the adoption of shunt reactors to 
compensate a portion of the line charging MVAR is an indispensable 
method for excessive voltage and reactive power control. Reactive 
VARs are both generated and absorbed throughout a power system.
Lightly loaded lines or cables are net generators of VARs owing to 
their shunt capacitances, whereas, loads, transformers or heavily 
loaded lines and cables are major consumers of VARs through their 
series inductive reactances. Uncontrolled flow of VARs in a system 
can produce unacceptable voltage levels and the advantages of control­
ling VAR flow for increased transmission capability and utilisation of 
equipment has always been appreciated.
EHV reactors have been widely used for reactive power control on 
long transmission lines. Ferranti-effect is well known and shunt 
reactors are used to counteract this phenomena, especially at the 
far end of unloaded or lightly loaded l i n e s .
Following load rejection, power frequency overvoltages that occur on 
long lines may be aggravated by low system short-circuit level, high 
excitation when transmitting full load and by the absence of loads 
along the line. The simultaneous occurrence of single-line-to-earth 
fault can increase the overvoltage still further^^^). Again, these 
overvoltages can be effectively counteracted by permanently connected 
EHV reactors. Results of a series of field tests compared to predic­
tions obtained by T.N.A. and digital studies for EHV systems, have 
also shown the increasing effectiveness of EHV reactors in reducing 
switching s u r g e s . The reason for surge-reduction is primarily 
the lower power frequency overvoltage at the far end of a line owing 
to the use of shunt reactors. The reactor at the far end of a line 
offers a finite impedance which tends to reduce the reflection coef­
ficient, thus contributing to surge reduction. However, this effect 
has been reported to be very small. In addition, some researchers 
have found that in some cases, shunt reactors are effective in 
controlling transient component of switching o v e r v o l t a g e s .
It is a normal practice to use both permanent reactors and switched 
reactors connected to the tertiaries of step-down t r a n s f o r m e r s . 
The former control the reactive power flow under normal operating 
conditions, while the latter are switched on to the system to 
compensate for the excessive capacitive currents in conditions such 
as lightly loaded or unloaded long lines.
An alternative way of doing this is to use non-linear reactors which 
provide less inductive compensation during normal operating conditions 
and still provide the required compensation during steady-state open- 
ended line conditions'^). These reactors, among other reactor 
arrangements are dealt with in more detail in Chapter 2.
A transmission system comprising short lines, especially encountered 
in the U.K., is often very stiff at the generator ends (busbars) 
because there are a number of infeeding lines from other sources 
connected to the busbar. Because transmission is usually over short 
distances, both line reactance and capacitance are relatively small 
(in fact line capacitance can often be neglected) so that a generator 
can operate at a reasonably low load angle in order to push appropriate 
amounts of power over the line. This means that the problem of 
generator instability due to disturbances is reduced. Due to the 
stiffness of the busbar, even if a line goes out due to a fault, 
successful autoreclosure of the three circuit-breakers is accomplished 
without loss of stability or any serious disruption (also the presence 
of a second circuit helps to maintain stability).
On long lines, however, where sources of generation are often remotely 
located from the load (especially in case of hydro-power stations), the 
system at the generation end is very weak. In fact, in most cases, 
there are just one or two machines connected to the busbar and the 
feeder is of radial type. In such cases, the problem of maintaining 
stability becomes that much greater. Double circuit lines are not 
very economical to use because of the very long transmission distances 
involved. Thus, because there is only a single-circuit line, 3-phase
autoreclosure schemes are not very practical because in the majority 
of cases the closing of the breakers is not fast enough to maintain 
system transient stability. Due to the fact that the majority of 
faults on EHV a.c. systems are single-line-to-earth faults (mainly 
due to lightning) and of transitory nature, single-pole autoreclosure 
was found to greatly improve system transient stability^^^"^^)provided 
that such faults could be successfully cleared.
However, opening the circuit breakers on the ends of the faulted line 
conductor does not assume fault clearing. The isolated conductor is 
still capacitively and inductively coupled to the other healthy 
conductors which are still energised at normal voltage and carry a 
load current. This coupling has two main e f f e c t s :
1 - Before fault arc extinction, it feeds current to the fault and 
maintains the arc.
2 - After the fault current becomes zero (as it does twice/cycle), 
the coupling causes a recovery voltage across the arc path.
Extinction of the secondary arc depends on many factors, the most 
important of which are^^^*^^):
a - Magnitude of the secondary arc current.
b - The magnitude of and the rate of rise of steady-state recovery 
voltage.
On long lines, however, because of the high system voltage and the
(37)
high capacitive coupling (which is considered to be the most important),
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both secondary arc current and recovery voltage are that much higher 
so that some means of neutralising the capacitive coupling has to be 
employed.
K n u d s o n a n d  Kimbark^^^^have developed a method to help secondary 
arc extinction by using a 4-legged reactor scheme. Economically 
the scheme is highly justified since EHV reactors have to be used 
for reactive power control and the cost of the additional neutral- 
reactor required for secondary arc suppression is a small fraction 
of the cost of the main reactors.
The introduction of the 4-reactor scheme has paved the way for many
researchers for further i n v e s t i g a t i o n s ^ ^ ^ a n d  is used by the
author throughout the present investigation.
Neutralisation of capacitive coupling has been suggested by the 
addition of a capacitor, connected across the terminals of each 
breaker pole, proportional to the particular line being switched^^^). 
Field tests and hybrid computer programs using lumped parameter,
500 kV line model, have been performed to simulate single-pole 
switching and to evaluate the dead time required for arc e x t i n c t i o n ,
Relating both the residual arc current and the steady-state recovery 
voltage to the positive and zero degrees of shunt compensation (hj, h^),
Kimbark^^^^has produced very useful sets of families of curves that can
be suited to any line construction. Residual arc current, steady-state 
recovery voltage and natural frequency of transient recovery voltage
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have been considered and the loci of each of them has been plotted 
in a rectangular coordinates hg versus h^. The charts help the 
researcher to know the correct degree of shunt compensation (hQ) 
that corresponds to the desired degree of compensation (ĥ ) for 
corresponding values of secondary arc current and steady-state 
recovery voltage.
Kimbark has extended his work by developing the reactor arrangement 
necessary to neutralise capacitive coupling in a double-circuit 
line^^^). Furthermore, he has considered the elimination of the 
effect of inductive coupling which was neglected in his previous 
analysis .
Recently, some papers concerning the use of shunt reactors for the 
purpose of secondary arc extinction have been presented. The first, 
based on earlier concepts developed by K n u d s o n a n d  K i m b a r k , 
examines the influence of sing le-phase switching on long EHV lines 
and system d e s i g n . The authors examine the effect of various 
factors such as the ohmic value of the neutral reactor, pre-fault 
loading, source reactance, fault location and line transposition, 
on the secondary arc using mainly the T.N.A.. It has been shown 
that leaving inductive coupling uncompensated can generate a sub­
stantial voltage on the isolated phase which sufficiently contributes 
to secondary arc current and transient and sustained overvoltages.
The second paper, also based on the same c o n c e p t s , has pre-
('52')sented a modified 4-reactor scheme for secondary arc suppression^ ^ .
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Simply, the scheme provides four switches, two between the outer 
phase reactors and the neutral and two between the same reactors 
and the ground. When a sing le-line-to-ground fault occurs on one 
of the line conductors, two of these switches are closed yielding 
a different 4-reactor arrangement. The authors used a simple 
canputer program, in which the line is represented by a number of 
cascaded n-sections, to compute secondary arc current and both 
steady-state and transient recovery voltages for different 4-reactor 
arrangements.
As mentioned previously, when EHV long lines are subjected to internal 
or external disturbances (such as switching operations, lightning 
surges and faults) abnoimal voltages and currents of different frequen­
cies are produced. It is not of course directly possible to prevent 
the occurrence of these disturbances, but their subsequent effects can 
be limited with proper system design and adequate protective devices.
For a design engineer to achieve this, a realistic and accurate knowledge 
of the transient behaviour of the system under consideration is therefore 
essential.
Faults on modem EHV transmission systems have to be cleared as soon 
as possible to avoid excessive damage. Furthermore, fast fault clear­
ance is essential to maintain system stability, to prevent any possible 
hazard to people and to prevent the escalation of single-line-to-ground 
faults to multi-phase-to-ground faults. For these reasons many studies 
currently focus on very high speed distance protection utilising mini- 
canputers or microprocessors operated on the on-line mode. Extensive
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work in this field, however, does not give a clear indication of the 
true viability of many digital protective schemes from a practical 
point of view^^^). From a measurement point of view, the nature of 
the problem is completely different when making the transition from 
the conventional protective schemes to those in which measurements 
are to be made from signals derived from a power system during a 
relatively short period of time following fault inception. With 
many conventional relays, the very noisy period following a fault 
is effectively ignored, and measurements commence after a delay 
without any loss of accuracy^^^*^^). Here it is unnecessary to have 
a very precise knowledge of the response derived from faulted systems 
and a simulation based on lumped line parameters will often yield an 
adequate indication of performance in power systems.
However, the same is not true when very high speed measurements are 
considered because the waveforms from which measurements must be made 
can include very significant travelling wave components in both faulted 
and healthy phases. The design, testing and development of protective 
schemes therefore requires the knowledge of the precise nature of 
primary system wave forms immediately derived after fault initiation.
Precise primary syston response is very difficult to achieve by field 
tests or analogue techniques and hence the recent trend is to use 
modem digital techniques.
On this respect, Benarjee^^^^has digitally simulated power system 
transients due to both shunt and series faults on uncompensated 3-phase 
transmission line using the fast Fourier transform technique.
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Digital simulation of EHV short power lines under unbalanced fault 
conditions for protection purposes has also been presented by Johns 
and Aggarwal ^ . Methods have also been developed to give a 
more accurate model of synchronous sources to be combined with 
generator/transformer and distributed-frequency variant transmission 
line interconnections^^).
1.2 Outline of the Present Investigation
In this thesis frequency-dcmain methods of fault-transient analysis 
for shunt-canpensated systems, using 4-reactor schemes, are developed. 
The methods are suitable for studying practical shunt-compensated 
systons subjected to single-line-to-ground, 2 line-to-ground and line- 
to-line faults.
The main objectives behind the present work are:-
1 - To develop mathematical and digital modelling techniques suitable 
for simulating practical 4-reactor shunt compensated systems.
2 - To develop mathematical and digital techniques suitable for 
modelling shunt reactor saturation.
In this respect, it has to be emphasised that saturation of the neutral 
reactor is particularly critical. This is due to the fact that due to 
saturation, neutral reactance is effectively reduced and its tuning 
with line capacitance is no longer maintained. Therefore it follows 
that due to saturation, secondary arc suppression becomes more difficult.
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3 - To use these techniques in the study of:
a - The effects of shunt compensation on primary system wave forms, 
b - Fault induced system and reactor overvoltages.
Again, neutral-reactor overvoltages are particularly important. If, 
due to severe overvoltages, the surge diverter protecting it is short- 
circuited, the neutral reactor is effectively eliminated. Hence 
single-pole autoreclosure may not be successful, 
c - The effects of reactor saturation on primary system wave foims.
4 - To use the techniques to study the performance of modem high speed 
distance protective relays.
The methods developed to incorporate 4-reactor schemes into simple 
single-section feeder systems are presented in Chapter 2. In the 
same chapter, a brief review of shunt compensation schemes is presented.
In Chapter 3, simulation techniques for studying practical multi-section 
feeder systems are developed. Also the analysis of the main source 
network models and the transposition scheme developed by the author 
are described.
The techniques developed to simulate reactor saturation in a frequency- 
domain program are presented in Chapter 4.
In Chapter 5, the configuration of systems studied is detailed. This 
covers line construction, line parameters, source parameters, line 
charts and the 4-reactor scheme parameters.
16
Digital computer results are presented in Chapters 6-9. In Chapter 6 
digital examination of the difference of primary system responses 
for both compensated and uncompensated (single and multi-section 
feeder) systems is presented.
The problem of system and reactor overvoltages is studied in 
Chapter 7. Findings in relation to reactor saturation and its 
likely effects on system response are presented in Chapter 8. In 
Chapter 9, digital studies of the performance of cross-polarised 
mho-relay applied to compensated and uncompensated (single and 
3-section feeder) systems is prescribed.
General conclusions and suggestions for future work are presented 
in Chapter 10.
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CHAPTER 2 DEVELOPMENT OF METHODS TO SIMULATE SHUNT 
CCMPENSATED SINGLE-SECTION FEEDER SYSTEMS
2.1 Introduction
For the purpose of reactive power compensation in EHV long transmission 
systems, one or two banks of Y-connected shunt reactors with solidly 
earthed neutral are commonly employed. The size of the reactors is 
expressed in terms of their MVAR at rated voltage, their per-phase 
reactance, or their degree of shunt compensation^.
In single-circuit transmission lines, however, where single-pole 
autoreclosure is desirable, shunt reactors have been used to serve 
a second purpose, i.e. the suppression of secondary arc. Neutrali­
sation of shunt capacitive coupling between phases makes single-pole 
switching feasible on longer l i n e s B y  proper connection of EHV 
reactors used to wholly or partially compensate the normal line 
charging current, these reactors can be made to serve the additional 
purpose of ground fault suppression at a moderate additional cost^^^*^^^
A brief review of the existing shunt compensation schemes is presented 
in section 2.2. Possible reactor arrangements to serve the above 
mentioned purposes are examined in section 2.3.1.
The 4-legged reactor scheme is dealt with in more detail and its 
parameters, i.e. the phase reactance, the neutral reactance and each 
reactor rating are evaluated in section 2.3.2.
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Developed mathematical techniques to incorporate the 4-reactor scheme 
under steady-state and transient-fault conditions are presented in 
section 2.4.
2.2 Review of The Existing Shunt Compensation Schemes
Beside forming a vital link between remote generating units and load 
centres, EHV lines have the advantages of large load capacity, reduced 
transmission losses (better efficiency) and better voltage regulation. 
There are two main problems, however, in transmitting large amounts of 
power over long a.c. lines; system instability and overvoltages.
The problem of overvoltages becomes particularly evident at EHV and
UHV l e v e l s d u e  to the fact that capacitive charging mvaRs of
lines and cables is approximately proportional to the square of system
voltage and directly proportional to line length. Capacitive current
of EHV systems is mainly compensated for a number of reasons 
33, 61, 62, 77, 79).
1 - To improve stability of transmission.
2 - To reduce power frequency and transient system overvoltages.
3 - To prevent self excitation of generators when connecting open- 
circuited lines.
A variety of shunt-reactor schemes exist which may be classified as 
follows:
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a - Linear r e a c t o r s . 
b - Externally controlled r e a c t o r s . 
c - SeIf-saturated reactors^^^,65,68,69,73-75,76)^
Each of the above schemes has its own particular characteristics 
and none of them is usually a 'best buy' for a specific problem on 
technical grounds alone. EHV reactors are connected to systems 
either directly or via the secondary or the tertiary windings of 
intermediate transfoimers. Although EHV reactors may be either
3-phase or single-phase units, so far only single-phase units have 
been used at 500 kV level and above
In case of very long lines, the above mentioned schemes may be used 
in conjunction with series capacitance. The former compensates for 
part of line capacitance while the latter compensates for part of 
its series reactance. In such a case, total reactive and capacitive 
power compensation has to be avoided for stability considerations. 
A 60% inductance and capacitance compensation may be the best compro­
mise although under light load conditions 100% shunt compensation is 
required.
Externally controlled reactors may i n c l u d e : 68,69)
1 - D.C. controlled reactors (transductors).
2 - Thyristor-controlled shunt reactors
The first transduc tor introduced on the British grid system was in 
1 9 6 7  (66) aĵ  ̂comprised a 30 MVAR transductor and three 20 M\(AR capacitor 
banks. The device enabled reactive power variation from 30 MVAR
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lagging to 60 MVAR leading, since the transductor reactive power was 
continuously variable and capacitor banks were switched in and out 
automatically as required. A major advantage is, due to its static 
nature, transductors cannot lose synchronism with the system even 
under fault conditions. They can maintain a good average level of 
voltage but not suitable to deal with fast fluctuating loads due to 
their relatively slow response. Another disadvantage of transductors 
is, as with any saturable reactor, the generation of haimonics.
Thyristor-controlled reactors can also achieve a continuous, 
relatively fast (0.01 s ) c o n t r o l  of reactive power generation 
on a large scale. Such schemes are particularly applicable for 
suppression of voltage fluctuations caused by severe loads and are 
commercially associated with ASEA^^^^.
Harmonic generation in system voltage is possible (in the event of 
incorrect point-on-wave switching relative to system fundamental) 
and therefore their compensation is required.
Self-saturated reactors were developed by the late E. Friedlander^^^^, 
first for suppressing voltage fluctuations due to disturbing loads 
(arc furnaces in particular) and then for reactive power control on 
EHV transmission systems.
In these reactors, lower order harmonic currents are internally 
eliminated so that only harmonics of the order 4n - 1 can appear 
under steady-state conditions (n = number of limbs). Ideal reactive 
power control is achieved by using the reactor together with a series 
(70,71)slope correcting capacitance and a parallel capacitor (to provide 
the leading VAR range).
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Static compensators are commercially associated with the G.E.C. and 
may use one of the following saturable reactors:
1 - The Quin r e a c t o r ^ 2) ^
2 - The Twin-Tripler r e a c t o r ^
3 - The Treble-Tripler reactor^^^’̂ ^ .
A detailed study of the twin and treble-tripler arrangements is pre­
sented in references (68) and (75) respectively.
2.3 Choice of Shunt Reactors For Secondary Arc Suppression
2.3.1 Possible reactor arrangements
Secondary arcs are maintained by two types of coupling, namely, the 
shunt capacitive coupling and the longitudinal coupling from mutual 
inductance and resistance, between the disconnected, faulted conductor 
and the energised, unfaulted conductors. In his analysis, Kimbark^^^’^^  ̂
however, assumes that capacitive coupling is more important and has 
neglected the longitudinal coupling. According to such assumption, 
possible reactor schemes used for reactive power compensation and 
ground fault suppression are given in Fig. 2.1. Before comparing 
these arrangements, it is useful if the shunt capacitances of the 
line are considered. Their equivalent circuits are shown in Fig.2.2.
The interphase capacitances of Fig.2.2a are designated (Be2-BcQ)/3 
while the capacitances between each phase and ground is Bcq. These 
values can be evaluated as follows:
22
Replacing (Bc^ - BCq)/3 and BCq respectively by B^^ and B^^ to get 
the PPS impedance 'Xc^' of Fig. 2.2a , apply a set of PPS voltages 
to the 3-phases. The current at point 'a' is given by:
lai - Il + I2 + I3
= (Va^ - Vc^)/X^h +(Va^-Vb^Xch + Va^/X^^
1 1 
viiere ^ g  ” --- * Xch =
\ g  ^ch
1 1 - h  + l - h ^
Ia-| = Va-, (   +   )
\:g \:h
1 3
lai = Va^(   +  )
%cg %ch
or Xci = 1/(1/Xcg+ 3/Xc^)
or Xc^ ' ^ch   2.1
^ch 3%cg
From equation 2.1 the PPS susceptance can be obtained as •
=̂1 = —  = ®cg 3Bch ....*Ci
In a similar way, the ZPS impedance and susceptance of Fig. 2.2a 
can be obtained by applying a set of ZPS voltages to the 3-phases.
*̂̂ 0 ^cg  2.3
BCq =
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From equations 2.1 - 2.3 it follows that;
BCj = BCp +
and B^g = BCq
Equation 2.4 proves the correctness of the susceptances shown in 
Fig. 2.2a.
The most common equivalent circuit of Fig. 2.2a can always be replaced 
by Fig. 2.2b, by transforming the A-connected capacitances into
their Y equivalent.
The PPS and the ZPS impedances of Fig. 2.2c are and Z q ,
h  =
Zq = Xc^ + 3Xcn .... 2.5
Fran which the neutral reactance and susceptance are:
Xcn = 1/3 (Zq - Z,)
Ben =  ̂^0 h   2.6
h  ■ ^0
Now it is obvious that the shunt reactor schemes of Fig. 2.1, a-c 
are analogous to the equivalent capacitance circuits of Fig. 2.2 a-c 
respectively. Figs. 2.1c and 2.Id are similar and the analysis
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applied to one of them, applies to the other. For the schemes of 
Figs. 2.1a, b and d(l), the total MVAR rating of the group of 
shunt reactors is the same, equals that required for shunt 
canpensation under normal conditions. For the 4-reactor scheme, 
the phase reactors have the same total rating as that of Fig. 2.1a, 
b, d(l). The neutral reactor carries no current under steady-state 
conditions. It is energised only during a line-to-ground fault and 
its rating is only a small fraction of the three main reactor ratin^^.^*^^^ 
According to Kimbark^^^^and Knudson^^^^, from economical and technical 
viewpoints, schemes of Figs. 2.1c, d, are the most economical. Since 
the scheme of Fig. 2.1c is the one simulated throughout this work, 
it will now be considered in detail.
2.5.2 The 4-legged reactor parameters
2.3.2.1 Reactor phase and neutral reactances
Referring to Fig. 2.1c, the pps and ZPS impedances are calculated as 
mentioned previously by applying respectively a set of PPS and ZPS 
voltages to the 3-phases. Therefore, it follows that:
For Fig. 2.1c
= XP 
Xq = XP + 3Xn
Similarly for Fig. 2.1a
2.7
2.8
Xq  = X,
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For the two circuits of Fig (2.1.a) and (2.1.c) to be equal, 
the corresponding quantities of equations 2-7 and 2-8 should
be equal, i.e + 3X^ = X^^ .....2.9. a
and = (X,g. X^h ) .2.9.b
Now, for reactive power compensation,
BLi = h^. Bc^  2.10
and for total elimination of interphase capacitive coupling;
ELq = h^ BCq ....2.11
using equations 2.9 - 2.11, it is shown in Appendix (A1.2) 
that the phase and neutral reactances of the 4-reactor 
scheme are given by;
Xn = Bc^ - hp teg ...a
3.hj^ Bc^_ hp BCp ....^-12
X_ = 1 ... b
p iq-BS7
Therefore equation 2 .12 gives the phase and neutral reactances 
of the 4-legged reactor scheme of Fig. (2.1.c) in terms of the 
line ’PPS ’ and ’ZPS ’ susceptances Bc^ and BCq respectively and 
the ’PPS’ and ’ZPS’ degrees of shunt compensation (h^) and (hQ) 
It has to be emphasized here that the neutral reactance of the 
4-legged reactor scheme derived in Appendix A1 (equation Al«23) 
is only true if B^^ = B^^ or if:
hg = 1 + Be ̂  (h^ - 1)  2.13
B ^
However equation (2.12.a) is a more general form which has been 
used throughout the present work. The shunt capacitances of a 
transmission line are usually described as shown above by the 
equivalent circuits of Fig (2,2) and in particular by the more 
common circuit of Fig (2.2.a). An alternative way is to 
describe line capacitances by its shunt admittance matrix given
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by equation (5.2). For a balanced line (as the transposed 
line simulated here), there are only two different values of 
capacitances (or admittances). As clearly seen from equation
5.2 the elements in the main diagonal have one value and the 
off-diagonal elements have another value.
Therefore, it now remains to relate the line admittance 
matrix (equation 5.2) to the line capacitances mesh circuit 
of Fig (2.2.a).
Calling the diagonal terms of a balanced line shunt admittance 
matrix ’Y s ’ and the off-diagonal terms ’Y m ’, it can be proved 
by applying a set of balanced voltages and currents to the 





Ycg = Y, + 2Y^
2 15
Ych = -Ym
Therefore, in a digital computer program, Y^^ and Y^j^ are 
calculated from the line shunt admittance matrix, the ’PPS ' 
and the ’ZPS ’ susceptances Be ̂  and Bc^ are evaluated from 
equations 2.2 and 2.3 respectively, and then equations 2.12 
are used with the desired degrees of shunt compensation 
(h^,h^) to determine the phase and neutral reactances of the 
4-reactor scheme.
A quality factor ’Q ’ has to be chosen for both phase and 
neutral reactor banks.
2.3.2.2 Reactor Rating
From the basic line parameters evaluated in Appendix Al.l, Y s
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and Y can be used to solve equation 2.15 and hence Be^ and m 1
Bcq can be known from equations 2.2 and 2.3.
Assuming that two 4-reactor schemes are to be used for 
reactive power compensation over the whole line length, one 
at each end, the MVAR rating of each reactor is:
Qs r = V2/Xi
or . h^ Be 2 • ^ 2   2.16
Totally compensating line charging current, equation 2.16 
becomes ;
QgR = 1 / 2   2.17
2.4 Mathematical Treatment of 4-reactor Compensated Systems
In this section, methods suitable for simulating 4-reactor
shunt compensated single-feeder systems under steady-state
and fault-transient conditions are developed. The system
examined comprises a single-circuit, 3-phase, 500 kV
transmission line of the horizontal construction detailed
in Chapter (5) (together with other line data). The method
of calculating the basic parameters of multi-conductor lines,
i.e. the (Z) and (Y) matrics, has been developed for the
(55)purpose of digital simulation by Galloway etal . It takes into 
account conductor geometry, conductor self parameters and earth 
return path. An outline of the method is presented in Appendix 
(Al.l).
The line model is fed from both ends from main source models 
which are described in Chapter (3). Two 4-legged reactor 
schemes are required, one situated at each line end. Each
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scheme compensates for half of the positive phase sequence 
charging current of the line. Methods of evaluating reactor 
parameters were described in section (3) of this Chapter and 
the parameters that have been used throughout this analysis 
are presented in Chapter (5) .
The analysis developed in this section is based on the theory 
of natural modes as developed by W e d e p h o l f o r  application 
to multi-conductor lines. A description of the theory is 
presented in Appendix (A2).
At power frequency, line parameters are calculated by 
considering each mode of propagation, the multi-port equations 
representing each element in the system are formulated and 
voltages and currents at points of interest are then evaluated.
Fault transient analysis is based on the same theory. Line 
parameters are calculated, and by considering each mode of 
propagation at any given frequency, the multi-port equations 
describing the part of the system before and beyond the fault 
point are formulated. These equations are then combined with 
the source-side network equations to yield a final two 2-port 
equations and the fault is s i m u l a t e d b y  a suddenly 
applied voltage of appropriate magnitude and polarity.
The frequency spectrum of voltages and currents of interest
(88-91)IS converted to time domain using the inverse Fourier transform, 
and the overall system response is the sum of the prefault 
(steady-state) response plus the response due to fault. This is 
achieved by applying the principle of superposition.
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2.4.1 Steady-state Analysis
Under steady-state conditions, the system is represented by 
the 3-wire diagram and its block equivalent of Fig (2.3). 
From the Fig. we have:





Vg, Ï g, Ÿg, Ïg, are the transforms of the respective voltages 
and currents shown in Fig (2.3).
SR^ = The two port matrix representing the near-sending end 
shunt reactor. It is evaluated as follows:
From Fig (2.3.a) we have
+ ^bi + i c PVga = lal' ^
Vg^ and are calculated in a similar way so that:
■ Ÿga ■ Ÿgal ^n ^n ■ ■ ïal
Ÿgb Ÿgbi = Zn ^bl ...2.19
/ S c l Zn ^n ^l+Zn_
or [ ' = ]  - [ ' s j  - [ ^ sr] [ ’ i 1 2.19
Where and Z^ are 
Z^ = R^ + J
n
X^ and X^ have been evaluated in section (3) and a quality 
factor of 250 has been used to get both Z^ and Z^. From
equation 2.19 the currents through the phase reactors are:
h  = [ ^ S R l ] ‘ ' [ y  =  [ ^ S R l ] ‘ ' [ Ÿ s i ]
and if Ygg, = [ Z g g J - l
h  = [ Y s P l ]  [ Ÿ g ]  = [ Y g R l ]  [ V s x ]
[ y  =  [ h j _  ' [ ' S l ]
substituting in the above equation
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(ïg) " ^gl
voltage and current transforms input to the sending-end 
reactor are related to the corresponding output quantities by:
■ Yg u 0 ■ ^gl
fs ^gRl U ^gl
gRl = sending-end reactor admittance matrix
(^SRl)
-1
) from Fig (2.3)
" ^gl" "A B ■ ■ ^Rl'
' 'si. C D _ Îri.
and
^R1 ■ U 0 ' ■
^R1 _ YigR2 U
where
A,B,C,D = transmission line constants^/^^^s described in Appendix 
(A2).
.(54),
OgR2^ = receiving-end shunt reactor admittance matrix
(ZgR2)
gince each reactor compensates for half of line charging current 
(ZgRl) (%SR2)
(YgRl) C^gR2)
It follows that equation 2.21.a becomes
Uÿ s ' U 1 o '  ____ 1 __
^SRl| ^











I 0 I _








' A B ‘
C D
u 1 0 '
Y ' SR2I u
2.21.C
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The procedure followed to derive equation 2.21 above, assumes 
that the line is homogeneous. However, due to transposition, 
this is not the case but each transposed section is dealt with 
separately as a homogeneous section and then the multi-port 
equations for the 3-transposition sections are combined to 
yield a single two-port equation for the whole line.
Under steady-state conditions, three quantities are required, 
namely, sending end current, receiving end current and the 
voltage at the point of fault (f) before the fault occurs. 
These three quantities are obtained from equation, 2.21.b. (by . 
adding the letter ' s ’ to the subscript of each variable to 




^T*^RS ^ T ‘^RS
and it follows that:
^ I
-1 c
RS B f  V g g  -  B y  A y  .
2.22.a
Assuming that the fault will occur at a distance 'X' from the 
sending end, the line constant matrix given by equation 2.21.C 
can be split into two matrices. These matrices correspond to 
line lengths (X) and (£- X) respectively so that:
B .
D .
■ A | B  ■— — — =
C  1 D1 -
A i J
:
^ 2  i Bz'
i
steady state voltages and currents at the point of fault are 
related to voltages and currents at the receiving-end as 
follows :
_̂ _T2_1__̂ _T_2_ 
Ct 2 I Dy2
Ÿ fs l
/ Y f S
■ Y r s ]
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Using the above equation in conjunction with equation 2.22.a, 
we get:




£S = steady-state voltage transform at the point 
of fault before the fault occurs.
.....2.22.c*2 J
" u 1 o'
S z  1 1 y  r'Bz" 1 ^'sR2l " 1
In actual fact the steady state quantities Igg, Iĵ g and 
may be considered in phasor form and converted directly to the 
time domain without the need to go through the inverse fourier 
transform.
2.4.2 Fault-Transient Analysis
Fig (2.4) shows the faulted compensated system in which the 
fault is simulated by a suddenly applied voltage source at the 
point of fault. It has been shown in reference (54), that this 
voltage source is equal in magnitude and opposite in polarity to 
the prefault voltage of the faulted phase, at the point of fault
Methods of simulating unsymmetrical shunt faults, i.e. single- 
phase-earth, phase-to-phase, and double-phase-to-earth faults 
are dealt with in detail in Appendix (A3).
From Fig. (2.4) two main equations exist:
V.
and
r  Ft f f ■ \ i  ! B f i
- i f s f L"t i  i  ̂ 1 ° T 1 .
' ! f f Af2 1 Bf2
. I f R f ^T2-
Sf
-I Sf





where, Eyy, lygy* ^S£* I a r e  the transforms
of the respective voltages and currents shown in Fig (2.4).
Ayi 1 ' M  : r ■ U 1 0 ■
f ' nL y i  , U y ^ ; c7 | b7 _ / Y s ^ r u
2.23.C
Ay2 1 By2 '*2 1 ®2 ’
Cy2 ; Dy2 
1 J S'i °2"
The before-fault matrices ih
po int matrices ^ 2  ' ® 2 ’ *'2’ D
U I 0I
" y s rV i' u ”'
' X ' and (£ - x) respectively; instead of ' I  ' in equation A2.37
Line transposition is taken into account by using the matrices 
described in Chapter (3).
Applying the superposition principle, is the only voltage
source in the circuit of Fig (2.4).
Ygf ° ^S£ 7 7X A
\ f  "
where Zgg and Z^g are the sending-and receiving-ends source 
impedance matrices respectively.
From equation 2.23.b, we have:
Eff ^T2*^Rf ^T2 ^Rf
-1substituting the value of from equation 2.23.d
-1Eyy (Ay2 + By2'ZRg) ^  
similarly from 2.23.b
IfRf " ^T2*^Rf °T2*^Rf
substituting for from equation 2.23.d
2.24.a
-1
fRf T2 RS^ Rf  2.24.b
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From equation 2. 24.a
-1^Rf ~ (Ay2 B y 2 'Z%g) Eyy , substituting in 2.24.b
-1 -I'l-
IfRf ^ (C"T2 ^T2*^RS^^^T2 + ^ T 2 ’^RS^‘^££ .... 2.25. a
similarly; if the same proceedure is followed using equations 
2.23.a,d, we get:
IfSf (^Tl + ^T1 ^SS^^^Tl + ^Tl'^SS^'^ff •••2.25.b 
subtracting 2.25.a from 2.25.b we get:
-1
(ïfSf ” IfRf) [(^Tl °T1 ^SS^^^Tl ^T1 ^SS)*(^T2 ^T2 ^RS^^
-1 ' ^ T
(At 2 + ®T2*^RS^ l^ff
# # # # # •2«26*3-
For a general earth fault:
^ff ^ff ^f (ïfSf ‘ ïfRf)  2.26.b
From equation 2.26.a, we have:
Bff " ■ [(Cyi *  ’̂ Tl *  Bji Zgs)*(CT2 *  ^T2 *-̂ T2 *  ^ T 2
Z r s ) ]%(ïfsf ■ îfRf)
# # •  * * # •2«26*o
and from 2.26.b, we have:
Ÿff ° ^ff ■ (îfSf ' îfRf)
substituting the value of Err from 2.26.C: -1
-1 -1
^ff " "[ B^Tl ^T1*^SS^^^T1 ^ ®T1*^SS^'^^^T2 ^ ^T2 * ̂ RS^ ^^T2'^®T2 * ̂ RS^_
■" ^f] (ïfSf'îfRf)
........ 2.27
Equation 2.27 relates the superimposed voltages Vyy to the 
fault current In the case of faulted phase (s), no
difficulty^^^^exists in evaluating V^y.
Assuming a single-line-to earth fault on phase 'a', is the
Fourier transform of a suddenly applied voltage of the form:
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Vffa = - Vy^^.sin(wot + B).h(t) 2.28
Where :
Vfsa ~ peak of the fault point prefault voltage 
8 = phase displacement between the prefault voltage of
phase 'a' and the reference voltage. 
h(t) = a unit-step function.
Equation 2.27 may be rewritten in the form:
Vffa Zfll Zfi2 ^£13 h a
Ÿffb = ^£21 %£22 %£23 Î£b ...2.29
Ÿffc. _ ^£31 ^£32 ^£33 . -he
fSfa'^fRfa’^fb hsfb'^fRfb ’^£c ^£Sfc"hR£c
For an a-earth fault, = 0, and equation 2.29 yields





From equation 2.30, the superimposed voltages for the healthy 
phasescan therefore be determined.
2.4.3 Superimposed voltages and currents at the relaying points
Voltages and currents at the sending and receiving end busbars 
are obtained by using equations 2.23, so that,
Vg£ - (By£.Dy£ Zgg U) (Arp£-By£.Dy^ .Cj £)(E££)
and
...2.31
^Rf (By2'Dy2 '^RS* ^^T2"®T2*^T2 ^*^T2^^^ff^
^Rf ^ (^Rf^  2.32
The overall system response is obtained by converting the voltage
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and current transforms given by equations 2.31 - 2.32 to time 
domain and adding to it the prefault steady-state response 
determined in section 2.4.1.
I.e. Vg Vgg + Vg£
" ^SS ^Sf
^RS ^Rf










Possible shunt reactor arrangements for reactive 
pQver compensation and fault arc suppression.
Bu = -  B I^
(a),(b) = 6-reactor schemes 
(d.l) = (d.2).
(c),(d.2) = 4-reactor schemes
c = single phase units* 
d*2= 3-phase units-
cl cO'





Equivalent circuits of the shunt capacitances of 
a 3-phase transmission line.









Single-section feeder, 4-reactor compensated 
system fed from main sources.
a - 3-wire diagram, 
b - Steady-state block diagram.
^£S ^fR
Fig 2.4
Faulted single-section, 4-reactor compensated system.
Ys ° Yss ^ Ys£
" fss igf 
ifs" ifss* ifsf 





CHAPTER 3 DEVELOPMENT OF METHODS TO SIMULATE PRACTICAL 
MULTI-SECTION FEEDER SYSTEMS
3.1 Introduction
In power system transient analysis, it is a common practice to assume 
that the line under consideration is energised either from infinite- 
busbar or lumped parameter sources. For accurate and realistic 
evaluation of system transient behaviour, however, it is necessary to 
take into account source-side network models. Several authors 
have indicated that, in fact, there is no limit to the complexity of the 
source-side network terminating in a busbar from which a transmission 
line is energised. For example, several infeeds originating at remote 
points in thé system may terminate at the busbar. These points may, in 
turn, be fed from other localised or remote generation sources. In order 
to evaluate the transient response of such a system, the input impedance 
of the network on both the source side and line side is required at the 
busbar considered.
Travelling wave distortion of system response at the point of interest 
has been shown to be considerably affected when source-side networks are 
considered under f a u l t a n d  s w i t c h i n g t r a n s i e n t  conditions.
It is not always necessary, however, to take into account the entire 
network source configuration, since, computationally, this may not be 
economical. In some cases, it is not even necessary to consider the 
entire source-side network, since transit times to the distant points of 
such networks and back may exceed the observation time chosen and hence 
would be of no direct relevance to the study.
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This Chapter therefore is mainly devoted to develop methods suitable for 
simulating compensated multi-section feeder systems so that the effect 
of the complexity of source-side networks on system response can be 
examined.
Simulation of the main source model, based on system short-circuit level, 
is outlined in section (2). A very general line transposition scheme 
suitable for digital simulation has been developed by the author and is 
presented in section (4). In section (3), the methods developed for 
modelling 4-reactor, shunt compensated multi-section feeder systems are 
presented.
3.2 Analysis of Main Source Network Models
For the purpose of confirming the digital simulation presented in this 
thesis, a general source model based upon arbitrarily defined short-
circuit levels at the terminating busbars has been u s e d . T h e
model can further be modified to incorporate a lumped capacitance to 
represent any stray capacitance of the busbar to earth plus the 
capacitance of voltage transformers for metering or relaying purposes. 
This capacitance has been neglected in the course of the work here 
presented, because it complicates the process of verifying the simulation 
as a w h o l e T h e  basic source model is shown in Fig (3.1) and the
source inpedance matrix can be calculated as follows:
^sa = L a  • L l  " (Isa " L b  " Lc^ L n  * ^sa
i.e. l?sl ^ ^sb ' ^sn L c  ' ^sn ^ L a
similarly
L b  " L a  • ^sn * Isb (^sl ^sc ' ^sn * L b
L c  ' L a  • ^sn L b  ' ^sn * ^sc (^sl L c
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In matrix form:
L a ' " Z . + Z Z Z 1 s i sn sn sn 'L a " ^sa
L b = z z T+z zsn s i sn sn Lb + ^sb
L c Z Z Z T+Z sn sn s i sn L c ^sc







1 0 0 L V L n L n L n
0 1 0 L n ^sl+^sn L n
0 0 1 L n L n
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1
a is a more detailed one which may












= the source impedance matrix according to Fig (3.1) of diagonal 
elements = Z , + Z and off-diagonal elements of Z . These elements 
are calculated as follows:
S C L  = yi|VJ.|Ig^ 
or Zg^ = |V ? /(SCL)
^sl L l  *
= y3|v,
V^l -Zsjl
• • • • •  3 » 2 # 9̂ 
••••• 3*2#b
Defining the X/R ratio of the sending-end and receiving-end sources, the 
tivo elements of equation 3.2.b can be defined. This ratio may take^^^^ 
any value between 30 - 100.
The neutral source impedance Z^^ is calculated by producing both the PPS 
and ZPS impedances Z^ and Z^ for the circuit of Fig (3.1), where :
h  = L l
^0 ■ ^Sl + ^Ln
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L  = Zi + 3Zgn
L n  = - Zi)/3
L n  " ^sl [(Zg/Z^) -1 ] /3 .... 3.Z.C
The zero phase sequence / positive phase sequence impedance ratio (^/Z^) 
is among other source parameters an input data to the computer programs 
developed in this thesis. These parameters are presented in Chapter (5).
All the studies presented are for double-end fed systems, hence, 
equations 3.1, 3.2 may be used to formulate source impedance matrices at 
the sending and receiving ends of the line.
3.3 Modelling of multi-section Feeder Systems
In practice, several infeeds may terminate at the switching-station busbar
to which a transmission line is connected. In order to examine the
transient response of such a network, the input inpedance of the network
on both the source side and the line-model side will be required at the
(12,13)
busbar under consideration. The modal equations presented by wedepohl 
and others, provide a means of evaluating the line-model examined input 
impedance matrix. On the source side, the equivalent impedance matrix 
will be made up of a contribution of input impedances of various infeeds 
connected to the switching-station busbar under consideration. The 
individual source infeeds can be represented as a distributed parameter 
network and thus treated exactly in the same way as the line-model 
studied and the ’ABCD’ constants of the source side infeeds are derived 
from its propagation properties. At the remote end of these infeeds, there 
may be a localised source of generation and this can be taken into 
consideration in the analysis by the lumped parameter method of source 
simulation given by equations 3.1, 3.2.
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The multi-section feeder system considered in the course of the present 
analysis is of the type shown in Fig (3.2.b). For the purpose of 
comparison, the figure also shows a single-section feeder system 
comprising a transmission line model (£m) provided with two 4-reactor 
schemes and fed from both ends by the main sources, pig 3*2*a*
The 3-section feeder system assumes two infeeds from each side of the 
line considered , i.e. two feeders connected to the line model 
receiving-end busbar(RB), and another two infeeds connected to its 
sending-end busbar. Both infeeds are terminated with the main source 
models. Each feeder of the system of Fig (3.2.b) is compensated by two
4-reactor schemes and each feeder of the two systems is regularly 
transposed through three equal intervals.
By assuming = & 2  = =0, the multi-section feeder system of
Fig (3.2.b) yields the single-section system of ^g (3.2.a). A very
general mathematical technique has been developed to simulate any type
of fault that may occur on any of the feeders of Fig (3.2.b). The method
is based on the fact that when a fault occurs, source-side networks and
main-source models, represented by their impedance matrices Z and Z_n,SS
have to be taken into account. The methods developed have enabled 
considering source-side networks by simply modifying the main source 
impedance matrices.
To get the input source impedances, consider a fault that occurs on the 
line model ' In this case, the developed method suggests that the 
sending-end source is made-up of a combination of the two feeders and 
^ 2  and the simple source represented by the impedance matrix Z^^. 
similarly, the receiving-end source is a combination of line sections 
and and the receiving-end source represented by its impedance matrix
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Zg^. Both the receiving-end and sending-end input impedance matrices 
can be evaluated if Fig (3.3) is considered.
Assuming that:
' 4 ® T *2 L  ■
> . L L  . 3.3
are the constant matrices of lines & ̂  andji The matrices account 
for each respective line and its shunt compensation in the way described 
in Chapter (2).
The response of the system due to fault is obtained by simulating the fault 
by a suddenly applied voltage source (of certain magnitude and polarity) 
at the point of fault and other sources in the system are short-circuited. 
Under these conditions the sending-end input impedance matrix is obtained 
by looking from the fault point to the sending-end source combining line 
sections i  ̂  and % ^ with source impedance matrix Z^^.







and from Fig (3.3.a), we have:
_Li__|_J.y.'
- L - -Ll'i L l - - L -
where in the above equation = 0 
From equation 3.5, we have:
[ v j  = [ bJ  [I3] _
and
[  i j  = [ dJ  [ i g ] ,  i.e . [ i g ]  = [ dJ - I  [ i J
-1





Examination of equation 3.6 shows that the term ^ 2 Y ^ 2 1  f^P^csents the
new modified sending-end source impedance matrix; (Z ) that accountsbM
for line infeeds & ̂  and
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The modified (6.6) matrix will be:
[^SSM ] =
■  u  !
0 1 U 3.7
The same procedure is followed to get the receiving-end modified source 
impedance matrix that accounts for line infeeds and Refering to
Fig (3.3.b), we have:
r ^3] ^34 ^34 ^R
L I3J L S 4 "34] -  ^R - 3.8
where
^34 ! ®34 * 3  1 ®3 1 B4 I
^34 ! ^34
1 J 1 L . T»; L j . L s0 I uI 3.9
The line constant matrices in the RHS of equation 3.9 account for line 
sections and z^ together with their respective shunt reactors in a 
way similar to that presented in Chapter (2).
With = 0, in equation 3.8, we get:
[ J  [ IJ and [ IJ [ Ir ]
and
V . ] = [B34] [034]"' [13 ] 3.10
From equation 3.10, it is obvious that the modified receiving-end source 
impedance matrix that accounts for line sections z ^ and Z ^ i s  (Z^p = 
(B3 4 ) (D3 4 ) The modified receiving-end (6.6) source impedance matrix 
is:
[ ^R3l]
- 0 1 U ■ 3.11
Equations 3.7, 3.11 are to be used together with the matrices describing 
the compensated line model ’j^’ for transient fault studies on the middle
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line section.
Equations similar to 3.7 and 3.11 can be formulated to represent the 
sending-end and receiving-end source network models when faults occur 
on any of the feeders z ^ , and z^.
A very general and very efficient computer program has been developed to 
deal with faults in both single and three-section feeder, 4-reactor 
compensated systems.
3.4 Line Transposition Scheme
TVhen the conductors of a three-phase power line are not spaced equilaterally, 
the flux linkage and inductance of each phase are not the same. A 
different inductance in each phase results in an unbalanced circuit and in 
induced voltages in other adjacent power and communication lines even if 
the phase currents are b a l a n c e d T h e  unbalance is further aggravated 
by the unequal phase-to-phase and phase-to-earth capacitances. These 
undesirable characteristics can be overcome by exchanging the positions 
of the conductors at regular intervals along the line so that each 
conductor occupies the original position of every other conductor over an 
equal distance. Such an exchange of conductor positions is commonly known 
as transposition.
A complete transposition-cycle of the horizontal construction of the line 
examined is shown in Fig (3.4). Phase conductors are designated a,b,c, and 
the positions occupied are numbered 1,2,3. Transposition results in the 
conductors having the same average inductances and capacitances over one 
complete cycle.
Modem power lines are not necessarily transposed at regular intervals.
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although they may be interchanged in positions at switching stations for 
the purpose of balancing more closely line inductances and capacitances.
In many situations, line transposition is assumed by averaging the diagonal 
and off-diagonal terms of the basic impedance and admittance matrices, thus 
taking into account the balancing effect of transposition. While this may 
be accurate enough for steady-state analysis of power systems, it fails 
to produce adequately the effect of discrete transposition on the electro­
magnetic transient, i.e. the reflection and conversion of the propagating 
modes due to the discontinuity of the surge impedance matrix at the 
transposition points.
Therefore, modelling of a discrete rather than continuous transpositions 
is mandatory when dealing with transients on transmission systems.
Transposition of the transmission line studied has been simulated in a 
computer program and for a better understanding of the simulation Fig 
(3.4) and the following proceedures are considered:
According to Fig (3.4), voltages and currents I^^, Î ^̂  are
the transmission line sending-end quantities. The line length ’5.’ is 
transposed through 3 equal sections of length
= Constants of first line section
Constants of second line section
Ai C^
^2 ®2 ^2 ^2
^3 ®3 ^3 ^3 Constants of third line section
voltages and currents along the line are related by the following equations:
















The sending-end and receiving-end voltages and currents are related to 





D. _^R4 _‘ 1 ^2
The'a  B C D'constants of each of the 3-transposed line sections are 
defined as given below.
3.13
3.4.1 Constant Matrices for the 3-transposed Sections 
a For first section
According to the conductor positions of Fig (3.4), the first line section 
constants, i.e. A^, B^, C^, are:
■ ^ 1 ^12 ^13 ■  L l L z ®13 ^11 L z L s
^  = ^21 ^22 ^23 ®1 = L l ^22 ^23 ^1 " L l L z 2̂3




L l L z Dl3 '
L l L z L 3
.  L l L z L s j
L l L z L s L l L z ®13
L l L z L s L l L z L 3
1̂ 31 L z L s L l L z ®33
I ' l l L z L s L l L z L 3
i^zi L z L s L l L z L 3







S. cosh, (y  .4/3).S ^  
S.sinh. (y.V3)S"^.Z^





0 Y 2 0
-  0  0  T 3 I
-1 -1= S.Y .S .Z
Yc = Z^-I
All the variables in equations 3.16, 3.17 are explained in more detail in 
the modal analysis of the system studied considered in Appendix (A2).
It is clear from Fig 3.4 (a) that phases a,b,and c take the positions 
1,2,3 respectively during the first transposition section. This may also 
be observed from equation (3.15) if any row or column of any of the 
sub-matrices A^, B^, and is considered. For example, the elements 
of the first row of submatrix A^ show that the second suffix of the 
respective elements corresponds to the position of the respective phases.
b For second section
From equation 3.12,
" L L " ' L z '
. L l . L i L . _ ^R2 . where ;










L z ■ L BZ
Ir Z . L L_
L 3









It is now required to define B2, C2 and D2 which will correspond to 
the transposition of section 2 as shown in Fig (3.4.a). The equation 
defining the second section may be obtained in terms of the first 
section constant matrices as follows:
■ L c z ' ■  L c3 ■
R̂a.2 IlRa3
L b Z L  Bl L b 3
IrcZ L l  L . Irc3
IreZ Ir33
iRbZ _ L b 3
on the other hand, if:
■ V z ' ■ L c Z L a 3
L b Z = [ c n ] Î RaZ > L b 3 = [ ™ ]
L c Z L b Z L c 3
and ^Ra2 ^Rc2 lRa3
= [ cn]^Rb2 = [ c n ] ^Ra2 > L b 3










where, 0 0 1
CN = 1 0 0
_ 0 1 0 - ,,.. 3.21




-1CN C^ . CN







[ CN] [Ajl [CN] 
Ccn][Bĵ] [cn]'
or
= [CN].[A^ .[Cn L  , C.
B2 = [CN] [Bj [CnL , D.
= [CN]]Cj] . [CNp^
= [CNI-LDj] . [ c n I'I 
= [CN][cJ  [CNf
= [ cn][d J [ ci|i
where , 0 1 0





Hence, A^ , B^ , C^ and can be obtained respectively from 
Af B^ C^ and ,even without perfoming the matrix multiplication
in equations 3.22 - 3.23, by just reshuffling the elements in matrices
Ai B^ C^ and as shown below.
3.26
If positions 1, 2, 3 are occupied by conductors 3, 1, 2 respectively (in 
the second section), a matrix CP is:
C P = [ 3 1 2 ]    3.25
and A^ (I,J) = A^ (CP(I), CP(J))
B2 (I.J) = B^ (CP(I), CP(J))
C2 (I.J) = C^ (CP(I). CP(J))
D2 (I.J) = (CP(I), CP(J)) ..... 3.26
using either equations 3.22, 3.23 or equation 3.26 the matrix representing 
the second line section is:
3.27
^33 ^31 ^32 ■  B3 3 L l L z '
L  = ^13 ^11 "̂ 12 "2 = ®13 L l L z
^23 ^21 ^22
>
®23 L l L z
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^2 "
^33 ^31 C32 D33 ^31 L z '
^13 ^11 ^12 ' ^2 = % 3 ^11 L 2
^23 ^21 ^22. _^23 ^21 L z .
For third section
3.27
From equation 3.12 we have:
IIr3 ■ L L " ■ L a '
. L 3 . , L L . . I r4 .
applying equation 3.23 we get:
A 3  = [cn][a^][cn
B3  = [CNj[Bi][CN D
= [cn] [c ^I [ c n 
= [cn] [d ^] [c n ]t 3.28
where, ' 0 1 0 ’ ’ 0 0 1 '
ai = 0 0 1
* t, CN ^ = 1 0 0
. 1 0 o_ _ 0 1 0 . 3.29
If equation 3.26 is used to get the matrices for the third line section, 
equation 3.25 will be:
CP = [ 2 3  1 ]  3.30
using either equation 3.28 or equations 3.25 - 3.30, the third line section 
matrices are given by equation 3.31:
^22 ^23 H i H i S 3 S i
H i ^33 H i H i S 3 S i
^3 ^3 H i ^13 H i H i S 3 S i
_^3 ^3. H i ^23 H i H i S 3 S i
^32 S 3 S i H i S 3 S i
^12 S 3 S i H i S 3 S i 3.31
3.4.2 Two-part Transfer matrices for the 3-Transposed Sections 
A fault separates the network into two parts. If each line section consists 
of homogeneous conductors, e.g. symmetrical or nontransposed lines, the
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two port equations similar to that given by equations 2.25 may be used 
with constants Rpp, Cp,p and D.pp calculated by replacing '4/3' in
equation (3.16) by 'x' (the distance to the fault from the sending-end). 
Similarly, constants Ap2 > H i *  H i  H i  calculated by replacing 
'V3' by '&-x'.
If each line section, however, consists of nonhomogenous conductors such 
as the case of transposition or conductors having different characteristics, 
their terminal voltages and currents can not be related by equation 2.25. 
However, they may be related to each other by a set of cascaded connected 
quadripoles, each representing a homogeneous sub-section of the line.
To illustrate this point, let us consider the case of a transposed line 
with a fault at a distance V 3  < x < 2 Ÿ3 as shown in Fig (3.5), other 
cases can be similarly treated.
For each homogeneous section, two-port transfer matrix may be used as 
shown in Fig (3.5.b). For the part of the line before the fault, the 
two quadripoles representing the two homogeneous sections can be represented










where a^, bp,Cp,dp are the constants of the first section calculated from 
equation 3.16.
b^, c^ and d^ are the constants of section (2) before the fault. They 
are calculated using equations 3.22 - 3.26 and first section constants are 
calculated by replacing ̂ /3 in equation 3.16 by (x - &/3).
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Similarly:
L f - ^3 1 3̂ ■ ^4 i L '-—-- — MB H W _ _ —' _ — — ”■ —
^fRf '̂ 3 i 1 L i  L ^Rf L  1 LL 1 J ^Rf
3.33
where: a^, b^, c^, are the constants of section (2) beyond the fault 
point. They are calculated from equations 3.22 - 3.26 if constants of the 
first section are evaluated from equation 3.16 by replacing '&/3' by 
' (2V3)-x'.
Constants a^, b^, c^ and d^ are the constants of section (3) and are 
directly calculated from equations 3.28 - 3.30.
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Fig 3.1 
Main source network model.
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Fig 3.3
Single-line diagram of faulted multi-section 
feeder system.
a - Sending-end source side network, 









a- Complete transposition cycle, 











Transfer matrices of a transposed line.
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CHAPTER 4 SIMULATION OF SATURATION EFFECTS IN 4-REACTOR
COMPENSATED SYSTEMS
4.I Introduction
The four-legged reactor model used in the present investigation as 
described in Chapter (3) assumes no saturation effects, ie., an ideal 
linear reactor. However, a "linear" shunt reactor does saturate to 
some extent, the degree of saturation being dependent on the reactor 
design.
Saturation of the reactor limbs will affect system response in two ways:
1. Saturation of any of the phase reactors will effectively change the 
system reactive power compensation.
2. Saturation of the neutral reactor effectively reduces its reactance 
which is no longer tuned with line interphase capacitances, hence fault 
arc suppression becomes extremely difficult.
In this Chapter therefore, the probability of reactor saturation is dealt 
with through a general mathematical treatment of the problem. Analytical 
and numerical evaluation of flux linkages of the 4-reactor limbs is 
presented in section (2). The technique developed to simulate reactor 
saturation is presented in section (3). In section (4) methods developed 
to evaluate superimposed voltages and currents at any point in the system 
due to saturation are presented.
These methods are used first to examine digitally, whether or not the 
phase or the neutral reactors are going to saturate. The judgement is 
based on the available i n f o r m a t i o n c o n c e r n i n g  the knee point
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voltage, saturation currents, and flux linkages of both the neutral 
and phase reactors. The methods are then used to digitally examine 
the effect of saturation on the primary system wave forms at the 
relaying points.
All digital computer results concerning reactor saturation are 
presented in Chapter (8), and reactor computed parameters are presented 
in Chapter (5).
4.2 Evaluation of Reactor Flux Linkages
4.2.1 Analytical Treatment
According to Fig (2.3), the two-port equation 2.21.a, relating sending- 
end shunt reactor input voltages and currents to its corresponding out­
put quantities are:
..... 4.1!s.' U 0 ’.!sl
L. /sRl U . ̂Sl_
where is given by
SRI Zi(Zi.3Z„)
From equation 4.1
Zi+2Z -Z -Z1 n n n
-Z Z.+2Z -Zn 1 n n
-Z -Z Z.+2Zn n 1 n 4.2
^SRl ^51 -t- ISI
^s ■ ^S1  ̂ ^SRl ^S1 ^SRl ^S
where Ï = ï^,ïy,ï^; the currents through the main reactors connected to 
phases a, b and c respectively.
The current in the neutral is given by
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In terras of the shunt reactor admittance matrix Y g ^ , given by equation
4.2, the neutral current Î is ' n
L  ° *^Sa *  ^Sb * .... 4.3.a
h  *
and the voltages across the neutral reactor is:
\  = 2 n - L  = 2n ........................................   4 .J .D
h  *
The voltages across the phase-reactors are therefore given by:
Val = Vsa -  \
^bl " ^Sb -  & ....  4.4
^cl = Vsc -  \
Under steady-state balanced conditions, both neutral reactor current 
and voltage yield to zero and thus in equation 4.4, the main reactor 
voltages are the same as that of line conductors. The knowledge of 
the 4-reactor voltages, now enables the evaluation of their flux linkages.
Generally, the applied voltage 'v* across an inductor produces a current
*i* and a flux linkage , then,
v(t) = + ^ ( 1 ^  + R.i(t) 
dt
since the quality factors of practical EHV reactors are generally high
(between 250 - 350), the resistance drop in the above equation can be
neglected, so that
v(t) = + d4;(t)  4  5
dt
and the flux linkage can be obtained from equation 4.5 as:
V»(t) = ip(0) + v(t) dt  4.6
0
where t = 0 is the time at which the voltage across the reactor changes 
from the steady-state to the transient conditions, i.e. the \save forms
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are as shown in Fig 4*1 .
Now at t = 0, we have
*(t) = (0) = . Cos a .... 4.7.a
Also from equation 4.5 it follows that
“ '̂ ss * “o  4.7.h
.. equation 4.6 becomes
Ct) = i|/gg Cosot+ ^ v(t) dt 
0
ssDividing by ^
^ (t) = Cosa+ 1 5 v(t) dt
*2S *ss 0substituting the value of from equation 4.7.b in the above equation,
we get:
^(t) = Cos» + o)q Z' v(t) dt  4.8
♦ss 7  °m
Thus equation 4.8 can be used to evaluate the reactor flux linkages swing 
"ij<(t)" numerically as outlined below, 
ss
4.2.2 Numerical Integration Method
Using the well knov,n trapizoidal rule of numerical integration, equation
4.8 can be rewritten in the form
*(t) = Cos a+ liL v(t) dt
^ss 7  ^m
or i|/Çt) = Cos a+ ^  + 2V^ + 21̂  ̂ +...+2V^ l'*’’***̂ n̂l
^  ' '  4.9
Equation 4.9 gives the swing of flux linkages of the phase and neutral 
reactors as follows:
4.2.2.1 For the Phase-reactors
The flux linkage swing of the a-phase reactor is derived and that of other 
phase-reactors are derived in a similar way.
The a-phase reactor voltage in phasor form is:




<|idÇO) = Cos a 
^ss
M C aT) = *a(0) * -*T (V^Q +
%s '̂ ss V 2in
^ îll ^al^^a2^  4.10
^ss ^ s  y 2m
^aÇnÂT) = ^a(Cn-l)AT) * ^  .AT CVâ n-1-) +
^ss ^ss V 2m
4.2.2.2 For the neutral reactor
Under steady-state balanced conditions, the neutral reactor voltage 'V̂ '
is zero. Therefore, trying to apply equation (4.9) can lead to 
computational problms (such as the division by the neutral reactor 
steady-state voltage which is zero). Accordingly, it has been decided 
to evaluate the neutral reactor flux linkage swing in terms of the steady- 
state peak flux linkage ’’̂'ss ’ the phase-reactors.
It follows that, for the neutral reactor, equation (4.9) becomes:
^n(0) = V^. Cos On
ŝs V m
»n(AT) = itnCO) * %  .at 
'I'ss '1‘ss Vm
= !i;n((n-ljAT) + ^  >̂ '̂ C^n(n-l)"'\(n)^
4.11
^ss ^ss Vm
(34)Knowing the knee-point voltages of the 4-reactor limbs,^  ̂ the reactor
phase and neutral reactances, their saturation current and flux linkages 
can be evaluated. Equations 4.10, 4.11, then are used and the possibility
58
of saturation can be examined (Chapter (8)).
4.5 Modelling of Reactor Saturation
In this section, the method developed to simulate neutral reactor 
saturation is presented. Saturation of phase-reactors can be dealt with 
in the same way.
The "linear” neutral reactor model has been made representative of a non 
linear reactor by connecting another linear reactor branch in parallel 
with it. The non linear reactor characteristic may be therefore represented 
by the piece wise approximation shown in Fig (4.2.a). The ratio of the 
final to initial slope of the characteristic (L^/L^) has been assumed^^^^ =
0.10. The initial slope of the characteristic of Fig (4.2.a) is the inductance 
of the neutral linear reactor previously evaluated and tabulated in Table 5.3. 
Assuming a slope ratio of *10’ therefore enables the evaluation of the final 
slope as = L^/10.0.
Before saturation takes place, switch *sw’ of Fig (4.2.b) is opened and the 
voltage across it (V^^) is the pre-saturation voltage, i.e. the voltage across 
the ’’linear” neutral reactor ’L^'. At the time ’T^’ when saturation is assumed 
to occur, switch ’sw’ is closed so that the voltage across it drops to
zero and the saturating inductance is switched into the circuit. The final 
slope inductance is therefore:
^2 " 4  " ^s
"l * '■>  ,.12
and L = L..L_ / - L_s 1 2  1 2
.’. according to Fig (4.2.b),
1 - before saturation, switch ’ sw’ open
In  ̂ Is
L2 = , see Table 5.3
V = V  ̂ = Vsw sat n
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2 - At the time of saturation, switch 'sw' closes
Is
L = L .L
 ̂ -1 — -  ' H  >^2 “ incremental inductances-
^sw = ^sat =
The non linear operation of closing and opening switch (sw) is represented 
by a voltage source as shown in Fig (4.2.b). Before saturation, this 
voltage source is e^ual in magnitude and of the same polarity as
the voltage across the neutral reactor at any instant of time. IVhen 
saturation takes place 'L̂ ' has to be switched into the circuit, i.e. 
switch 'sw' closes, ie. the voltage source drops to zero.
Therefore the computational process requires the knowledge of the voltage 
across the neutral reactor from time zero until the end of observation 
time.
To get the response of the system under transient-fault conditions with 
the neutral reactor in the saturation region, three component responses 
have to be considered:
1. The normal prefault steady-state response, Chapter (3).
2. The system response due to fault as previously evaluated in Chapter (3)
3. The system response due to the application of the saturation voltage
source 'V . '. sat
The overall system response is therefore evaluated as the sum of the 
three above mentioned component responses and is obtained by applying the 
principle of superposition previously used for fault analysis in Chapter 
(3).
The pre-saturation neutral reactor voltage 'V̂ * is therefore first
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evaluated in frequency domain, converted to time domain using the
inverse modified Fourier t r a n s f o r m a n d  then converted again to
frequency domain using the modified Fourier transform to allow for
saturation simulation in frequency domain. For saturation purpose, the
only additional input data to the computer program are the slope ratio
(= 0.1) and the saturation time *T ’.
/Ll
Analytical treatment of the integrated 3-section system under fault- 
transient and saturation conditions is dealt with in the next section.
4.4 Methods Developed for the evaluation of super-imposed Voltage 
and Current Components due to Saturation
In the computer program, reactor saturation has been simulated according to 
the following:
1. Saturation time ’Tg’ has been fixed as input data and in this way 
the simulation technique has been very much simplified. Naturally 
saturation should be simulated to occur when the current of the reactor 
under consideration exceeds its saturation level given in Table 5.3.
2. The neutral reactor adjacent to the sending-end busbar only has
been considered as far as saturation is concerned. However, the technique 
used to simulate saturation is very general and may be used to simulate 
saturation of any main or neutral reactor that may work in the saturation 
region under any transient fault conditions,see Tables 5 3, 8*1 •
3. The system simulated is the 3-section-double-end fed system. For 
simplicity, only one line section is shown in Fig (4.3). All three line 
sections are of the same configuration, transposition schemes, and have 
the same degrees of shunt compensation (h^, h^).
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4. Simulation of sending-end reactor saturation has been based on the 
following analysis:
Refering to Fig (4.3), the following two-pQrt equations may be easily 
derived.
' h Bl' ■
h _ “l. .if .
4.13
where
Vg, = the frequency domain output sending-end superimposed voltages
and currents - due to saturation - respectively.
Vf, = the frequency domain fault point super imposed voltages
and currents - due to saturation - respectively.
A^, B^, C^, = constant matrix representing line section or subsections
before the fault point.
The fault point network is represented by the two-port transfer matrix 
given in equation 4.15 as follows:
Vfa Ifa'Kfa ' ^fb ^fb'^fb ^fc ■ ^fc‘% c
ie. 'Bfa 0 0
% = 0 Bfb 0




where R^^ = R ^  = R^^ = R^.
4.14.a
From equation 4.14.a, we have;
( T f )  = ( V f )  = I / R f  0  0 %
0  I /R ^  0
%
0  0  I / R f
7 £ c .
But from Fig 4.3 we have:
Ia2 4a + ia3 ■ia2‘ ■ 4a ■ ■  ia3 '
ibz =  ifb + Ïb3 or ib2 = ^fb + ib3
ÏC2 " 4c + ic3 ÎC2 4c ic3 _
4.14.b
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' V ■la3 ■
+ Îb3
7 c . ic3
.. The fault point network transfer matrix; is
■
1 0 0 0 0 0 "4 a
Vfb 0 1 0 0 0 0 ^fb
0 0 1 0 0 0
ia2 VRf 0 0 1 0 0 43
ib2 0 VRf 0 0 1 0 ib3
- ĉ2 - _ 0 0 VRf
0 0 1 7c3
or 7 f " ‘ u  1 01 [ 4  ■
72  _ 4  i uL  1 Î 3
4.15
Where V^, are the transforms of the fault point network input voltage 
and current components due to saturation.
= the transform of the fault point network output current component 
due to saturation.
= fault conductance matrix whose elements have been evaluated in 
Appendix (A3) for different types of faults.
From the computer results presented in Chapter (6), it was found that 
'R̂ ' has nearly no effect on the wave forms of interest if it is below 
20 0. Therefore assuming = 10 , i.e. = 0.1 through the present
analysis will reasonably represent a solid fault and in the same time 
computational stability is maintained.
Equations 4.14 and 4.15 are combined to give:
V r A.s 1 1








The two-port transfer matrix representing the network beyond the fault 
point up to the receiving-end busbar is:
"  4 ' A B U 0 " 4 "
_
C D ^SR2 U :R
_
where
A, B, C, D = Constant matrices representing the line section or subsections 
beyond fault point. The non homogeneous situation resulting from line 
transposition is overcome in the same way as previously dealt with in 
Chapter (3).
4 r 2 receiving-end shunt reactor admittance matrix. Its 9 elements
are evaluated in the same way as for linear reactors, Chapter (2).
V^, = frequency domain voltage and current superimposed components due to
saturation (at the receiving-end).
Receiving-end busbar is related to its source by the following matrix:
' 1— !“ ■ 4 s '
/ V _0 ! u .4 .
where is the main - source impedance matrix previously derived in 
Chapter (3).
4 s  ” frequency domain receiving-end source e.m.f. Since this analysis 
is concerned with voltage and current components due to saturation, all 
voltage sources are short circuited ( superposition) except that 
representing saturation .
4.17.b
"4' ' u ^Rs 0
4 0 U 4
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Vs = Bz Ir
il ®2 Ir
ÏR = B2 ' il
7 ....4.19









From equation 4.20 we have
=-'ss Is 4.21
Equations 4.19, 4.21 are the two basic equations used to solve and 
simulate saturation of sending-end neutral reactor.
These equations may be rewritten as
Vg = ^1 II 
= ^2 Is 4.22
where = B2 D2
H  = -Zgs
-1
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From equation 4.22 we have:
- z;' »,
I = I -Il = [ v  -.7 1 ]
Vs = [ h " -  -  ^1 ]  I
V
Let us call:
[ 7  - 7 ]  = M  “ <1 [ 7  - '̂1 ]  ^ = [zz]
where(YY)= ' VYii VY1 2 ZZii ZZ1 2 2^13
V^21 VV2 2 ^ 2 3 and (zz) = z^zi ^^22 ^^23
VY3 I W 3 2 W 3 3 ZZ3 I ZZ3 2 ZZ3 3
I = YY . V.
or Vg = ZZ . I 4.23
From Fig 4.3 we have:
Vsa = L  • III + Vxa
Vsb Ib • Kl + Vxb
Vsc = Ic • Kl + Vxc
where = Vxb = V = V,
= the neutral point-to-earth voltage transform.
4 ’ 4* 4  transforms of phase-reactor currents
= phase-reactors reactances as given in Table 5.1
In matrix form:
'Vsa 'V x :
4b = Vxb
- 4 c . . V , c .
-  [  ^s] 4 ; v x ]
1 0 0 Î a
0 1 0 Ib





[ & ]  = [ % }  - [ U][ I]













la 1 0 0 la
Ib -III 0 1 0 Ib
Ic 0 0 1 7 c
or [ \ 1  = ( z z ) ( i )  -x^
4.25.a
From equation 4.25.a we have:
V (ZZ - . U) Ï
or
call (ZZ - X^ U)
(ZZ
-1 = (Y,) Vll 1̂2 Vl3
1̂21 V22 V23
V3I V32 V33
Now, the neutral reactor current transform can be obtained as the sum of
la + Ib ' Ic
••• \  = la ' Ib + I'c
Î = I Y,
X ^ •V. = ^11 4 3  4 i  4 z  ^23 4 i  4 2  43^ 4
••• Ix =̂ Vs 4  .... 4.26
where, Y ' s ° ^11 4 2  * ^13 ^ 3 3 )
But as may be seen from Fig 4.3
ÎX Ixl + ï «  .....4.27.ax 2
and Ÿ
X 1 x 2 . X ..... 4.27.bn
Vx = Ixl . X + V  ̂ .....4.27.C0  sat
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Equating equations 4.27 a, b we have:
1x2 " ixl 1̂ 0 Vgat
substituting the value of “ 4  ~ 4 2  4.27.a
ix2'Kn = (ix - ix2) I'd +
ix2 + X^) = + Vsat
= ix2 (V„ + X^) - Ix - %o
But from 4.27.b, 4 ]  " 4'^4
Vsat = \  (X„ + x^) - i. . X
n
substituting for 4  ^^°m equation 4.26: 
Vsat = &  - Vs . &  . X
= Vx (Vn + Vq - V3  X^)
n





and %  = (Xa + %o - Vs %n 




Back now to equation 4.24:
[ Vg] = [vx] + x^ 
and substituting Ï = 4 4  equation 4.25.b yields:
[ Vs] = [Vxl + X^ [ u i y C v ^ ]
Finally substitute . V
or
2 4 a t  equation 4.28.C yields:
= [ “ + 4 u V2] [ X2 • Vsat]
1 0 0 1 0 0
».b — 0 1 0 0 1 0
Vsc - 0 0 1 0 0 1
Vll Vf2  
V 2 I V 2 2  Y 2 3







= Transforms of the super imposed sending-end voltages due to 
saturation.
Y 2 is a (3,3) admittance matrix given by equation 4.25.b 
Y2 = [zZ - U ]■! = [ [z^-I - Z^] - x̂  uj-l
Xz
may be obtained using equation 4.12 as:
Xo = X^ • Xn2  
Xn - Xn2
where X , is the assumed B/H characteristic slope ratio (10.0).
“ the transform of the voltage source which is equal to the voltage 
across the neutral reactor before saturation and then drops to zero when 
saturation occurs.
To get the superimposed sending-end current components, equation 4.22 
applies:
i s  =  =  - z;i
••• i s  =  -  Z ^ s  [  "  +  X i  U  Y ^ ]  [ k 2 3   ^ . 3 0
Equations 4.29, 4.30 enable the evaluation of the transform of sending-end 
voltage and current superimposed components due to saturation. In a 
similar way voltage and current components due to saturation can be obtained 
at any point on the system. It has to be mentioned that throughout the 
foregoing analysis, as well as in Fig (4.3), a single section model has 
been assumed. However, the 3-section feeder system can be simulated, by 
simply modifying and Z^  to Z^^ and Z ^  as previously explained in 
Chapter (3). Accordingly Z^^, Z^  have to be replaced by Z^^ and Ẑ .̂  ̂
respectively in the above analysis.
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The overall system response is obtained by superposition and it is 
made up of:
4 e 4 f  4
4 e ^SS * ïgf * îg  4.31
where
r. r. are the transforms of sending-end voltage components
''ss ’ ''Sf ' ''s
under steady-state condition, due to fault and due to saturation 
respectively.
ïgg , , ïg are the transforms of sending-end current components
under steady-state condition, due to fault and due to saturation 
respectively. Time variation of system overall response is obtained 
using the inverse Fourier transform. System response under fault-transient 
and saturation conditions is dealt with in Chapter (8 ).
Fault
Fig 4.1








Simulation of neutral reactor saturation.
a - Piece-wise approximate \\>/l characteristic, 
b - Saturation modelling circuit.
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CHAPTER 5 PARAMETERS OF SYSYRAS STUDIED
5.1 Introduction
The computational results presented in Chapters 6  —  9 are for 
two different systems, i.e. single-section and 3-section feeder 
systems. Both systems comprise 500 kV, single-circuit transmission 
line (s) fed at its remote-ends by the main sources described in 
Chapter 3. Each line-section is regularly transposed through three 
equal intervals using the scheme developed in Chapter 3 and may be 
uncompensated or shunt-compensated by the 4-reactor scheme (described 
in Chapter 2) located at each line end.
In this Chapter the parameters of transmission line (s), shunt 
reactors, main sources and that used in the Fourier transform 
routine are presented. Also the parameters of protective relays 
applied to systems considered are given.
5.2 Transmission Line Parameters
5.2.1 Line construction
Line sections are of the horizontal construction shown in Fig. 5.1 
and the data are as follows:
1 - Phase conductors are 2 x 84/19/0.35 cm S.C.A. with 0.45 m 
bundle spacing.
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2 - Earth wires are 7/0.35 cm A.W..
3 - Earth resistivity = 100 fi*m.
4 - Conductor resistance = 0.03387 fi/km. (at power freauency)
5 - Earth wire resistance = 1.882 O/km. (at power frequency)
6 - Conductor reactance = 0.007865 fi/km.(at power frequency)
7 - Earth wire reactance = 0.388 fi/km. (at power frequency)
8 - Conductor overall radius = 9.1 cm.
9 - Earth wire overall radius = 0.64 cm.
10 - For the two systems considered, line lengths are:
a - for the single-section feeder system I  = 300 km;
b - for the 3-section feeder system line lengths are 400, 300 and
1 0 0  km from the sending-end to the receiving-end respectively.
5.2.2 Computed basic parameters
These are the per-unit length impedance and admittance matrices, 
propagation constant matrix and the line surge impedance and 
admittance matrices. These parameters are e v a l u a t e d i n  Appendix 
Al. Velocities of different modal components are also here presented. 
At power frequency these parameters are:
Impedance Matrix (Z) :
(Z) =
0.054 + JO.45 0.02 + J.ll 0.02 + JO.15
0.02 + JO.11 0.054 +J0.45 0.02 + JO.15
0.02 + JO.15 0.02 + JO.15 0.045 + JO.45
.10  ̂ n/m
5.1
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.10"°-u-/m ...  5.2
From equations 5.1, 5.2 the propagation constant matrix ’y ’ arei^^^'^^^
(y) =
and
0.085 + J1.32 0.06 + J1.08 0.06 + J1.08 .10'*’
diag.









89.33 - J6.69 
378.0 - J22.0
and
The corresponding symmetrical surge admittance matrix ’Y q ' is
(Yq) =
2.9 + JO.16 
■0.56 - JO.02 
-0.56 - JO.02
-0.56 - JO.02 -0.56 - JO.02 
2.9 + JO.16 -0.56 - JO.02





The computed, different modes, velocity of propagation ’V ’ matrix 
is given by equation 5.6:^^^*^^^
For earth mode: = 2.38 x 10 km/s
For aerial modes : ^ 2  ” ^3 ~ 2.92 x 10^ km/s
5.6
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5.2.3 Transmission line charts
In spite of the fact that secondary arc phenomena is out of the 
scope of this present work, some of the charts developed by 
Kimbark^have to be plotted for the line model examined.
These charts will ensure that the correct values of the closely 
related degrees of shunt compensation (h^, hg) are chosen to secure 
nearly zero secondary arc current and steady-state recovery voltage
The method of evaluating these charts as developed by Kimbark 
is briefly described in Appendix (A4).
5.2.3.1 Steady-state recovery voltage
From equation 5.2, line capacitance ratio 'k' is:
k = Cq/Ci = “ 0.63   5.7
The steady-state recovery voltage family of curves are plotted in 
Fig. 5.2 and the degrees of shunt compensation associated to each 
value of per unit recovery voltage are shown in Table 5.1.
5.2.3.2 Secondary arc current
Plotted as a function of the degrees of shunt compensation (h^,hQ) the 
loci of constant values of secondary arc current are shown in Fig. 5.3 
Each number of points constituting one of the straight lines of Fig.
5.3 are calculated as described in Appendix A5 and are presented, for 
the family of straight lines, in Table 5.2.
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In this section, the calculated reactor parameters are presented. 
These include reactor rating, phase and neutral reactances, knee- 
point voltages and saturation currents and flux linkages.
Knee-pointVoltage of phase-reactors = 1.8 x = 734.85 kV
Knee-pointVoltage of the neutral reactor = 155 /2 = 219.2 kV
For a 300 km line and 100% reactive power compensation, the 3-phase 
MVAR rating of the reactor is:
= 141.38 MVAR   5.8
A ’Q ’ factor of 250 was assumed for neutral and phase reactors.
Equations 2.12 were used to calculate Xn, and they are 
tabulated together with other reactor parameters for different 
degrees of shunt compensation in Table 5.3. The parameters shown 
in the table are for one, 300 km line reactor.
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5.4 Main Source Parameters
Sources short-circuit levels = 5 - 3 5  G VA
Sources X/R ratio ( Q factor) = 30 - 100
Sources (^0/Z^) = 0 . 2 5 - 2 . 5
5.5 Fourier Transform Parameters
Observation time ’TOB’ = 32 - 128 ms
Frequency shift constant ’a' = 250 - 62.5
For TOB = 32 ms a = 250
For TOB = 64 ms a = 125
For TOB - 128 ms a = 62.5
Number of samples 'NS' = 256 or 512
For 256 samples, truncation frequencies are:
Truncation Frequency ’fi’ : TOB = 32 ms, = 4.0 k Hz
TOB = 64 ms, = 2.0 k Hz
TOB = 128 ms, = 1.0 k Hz
5.6 Protective Relay Parameters
In the present analysis, zone (1) relays with a setting of 80% are
considered and the characteristics are arranged so that the diameter
of the nominal mho circle has an argument vhich is 1 0 ° less than that
of the line positive phase sequence impedance.
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Typically^^^), the nominal C.T. ratios are 1/1200 and the V.T. 
ratios are 110/500 x 10^, for a 500 kV system.
Responses have been obtained for a level of sound-phase polarisation 
equal to 1 0 % of the sound phase voltage or voltages and the 
comparator has a setting voltage of 0.1 V.
From equation (5.1) we have:
Z, = (0.034 + JO.31) 10"^ fi/m
 ̂ .  5.10
Zq = (0.094 + JO.73) 1 0 ' 0 /m
According to the relay specifications mentioned above, the impedance 
of the line protected is:
ZL^I = 0.8 X  300 X  0.312 = 74.88 0   5.11a
and the line angle ’0 ' is
0 = tan  ̂0.31/0.034
0 = 83.74   5.11b
and the mho characteristic argument is
o
(f)T = 73.74   5.11c
The mho characterstic of the relay is shown in Fig. 5.4, from 
which:
|Ẑ | = 76.0 0  .... 5.lid
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Using equation (A6.2.C), with N = 1,
110
/. |Ẑ | =  ^  X 1200 X 76.0 = 20.064 0   5.12a
500 X 10"̂
and from equation (A6.1.C),
Xm  ̂ «
|ZL| = ----- ,---  or »n = |2L| . /l+cot^
/1+cot <t>T
54n = 20.064 /l+cot^ 73.74° 
i.e Xm = 20.9 t! ....  5.12b
Xm 20.9
Lm = —  =   = 66.52 mH   5.12c
Wo 314.2
But Xm tan <I>T = 20.9 x tan 73.74
.% Ry = 71.663 0    5.12d
For a-e fault, the signal of equation (A5.2) is 
= (la + K. I res).
Wiere K is the residual compensating factor vhich is given by
K = - |Z L q  / ZL^ - 1 I, and
ZLq 0.094 + JO.73 (0.094 + JO.73) (0.034 - JO.31)
ZL^ 0.034 + JO.31 (0.034 + JO.31) (.034 - JO.31)
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ZLo
—  = 2.36 - J0.044
ZL^
|ZLq/ZL^| = 2.36
K = i (2.36 - 1) = 1.36/3
or K = 0.4533   5.13
The parameters evaluated in this section, i.e. 8 , *T, Z^, Ry, K, etc., 
together with the parameters of the polarising phase-shift circuit 
(RP = 3.18 k n, CP = 1 y F), have been used as input data to the 
computer programs developed to evaluate the transactor and the 
polarising component voltages, and hence signals and S2 . The 
digital evaluation of these signals is based on the step-by-step 







Transmission line construction. 








mho characteristic of the relay protecting 
80% of a 500 kv, 300 km line model.
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CHAPTER 6 DIGITAL EVALUATION OF PRIMARY SYSTEM WAVE FORMS
6 .1 Introduction
In this chapter the mathematical models of the two basic system 
configurations considered, as developed in Chapters 2 and 3, are 
used to obtain primary system response. In the first system (single- 
section feeder system) faults are initiated and primary voltage and 
current wave forms at the relaying points (particularly at the sending- 
end busbar) are computed. In the 3-section feeder system , faults 
on the middle line-section are initiated and the response, particularly 
at the sending-end busbar of that section, is evaluated. In this way 
the differences between the responses of the two systems can be 
examined. The parameters of different system elements as used in 
the digital computer program were described in Chapter 5 and faults 
were simulated as described in Appendix A3.
It has been s h o w n t h a t  various factors such as fault position, 
fault time, source parameters, prefault loading, type of fault ... etc. 
can considerably affect travelling wave distortion in the wave forms 
associated with faults in uncompensated single-section feeder systems. 
Since such distortion affects system fault induced overvoltages 
(Chapter 7) and the performance of system protective relays (Chapter 9), 
it was felt necessary to consider the effect of the above mentioned 
factors in this present analysis.
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6.2 Response of Single-Section Feeder Systems
6.2.1 Effect of fault position
Figs. 6.1 - 6.3 show sending-end wave forms for a solid a-e fault 
at the sending-end, the mid-point and the receiving-end of the line 
respectively. The system is assumed to be under steady-state 
conditions before the disturbance and the fault occurs when the pre­
fault a-e voltage 'Va* is at its positive peak.
For a close-up fault (Fig. 6.1) it is expected that the a-e sending- 
end voltage drops to zero at the moment of fault inception. However, 
as may be seen from Fig. 6.1a, the a-e voltage drops to zero but not 
at the same time as the fault takes place (FT = 5ms). Instead, some 
time delay (=.125ms) is observed in the occurrence of such change 
and this is due to the time delay inherent to the modified Fourier 
transform technique. From Fig. 6.1b the faulted-phase current *Ia* 
appears to reach a peak value of about 57.5 kA. In fact the correct­
ness of this figure can be roughly checked by the knowledge of system 
peak voltage (408.25 kV), and the sending-end source positive phase 
sequence impedance Zs^, (= 7.140). Currents in the sound phases are 
also disturbed because of the mutual electromagnetic and electrostatic 
coupling between phases. As the fault position advances along the 
line away from the observation point, travelling-wave phenomena 
becomes more prominent and this can be seen by comparing the wave 
forms of Fig. 6.2 to that of Fig. 6.3. Both diagrams confirm the 
fact t h a t e a r t h  mode doninates the faulted phase wave forms
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while aerial modes dominate the wave forms of healthy phases.
Fig. 6.2a clearly shows that initially, the transit time from the 
fault to the sending-end is about 1.25 ms, which is obviously 
correct for an earth mode to travel from the mid-point of the line 
to the sending-end and back to the fault point with an effective 
velocity of about 2.4 x 10^ km/s (see equation 5.6). The corresponding 
time for a fault at the receiving-end (Fig. 6.3a) is about 2.6 ms.
As transit time increases, the apparent frequency of the superimposed 
travelling-wave components decreases and it follows that these compon­
ents are damped relatively slower for more distant faults (Figs. 6.2, 
6.3). The different velocities of propagation of the earth and the 
dominant aerial modes are obvious from the frequency of occurrence of 
the ripples on the sound phase voltages of Figs. 6.1 - 6.3. The faulted 
phase currents ’la' of Figs. 6.2b and 6.3b can be seen to reach about 
5 and 3.2 kA respectively. Again, the correctness of these currents 
can be roughly checked from the knowledge of the peak phase voltage 
(-408 kV), the sending-end source impedance Zsĵ (-7.14Ŝ) and the line 
self and mutual impedances (= .45 and 0.11 0  / km respectively). Due 
to coupling, the sound phase currents of Figs. 6.2b - 6.3b are also 
affected and the same travelling-wave principle is applied to both 
faulted and healthy-phase currents.
6.2.2 Effect of fault inception time
Faults at an instant of time corresponding to the peak voltage of 
the faulted phase produce maximum travelling-wave distortion^^^*^^*^^^
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as shown in Figs. 6.1 - 6.3. Faults at an instant of time corres­
ponding to zero faulted phase voltage-to-earth, however, produce 
maximum offset of the wave forms particularly the currents. In 
such cases, travelling-wave distortion is significantly reduced 
because there is not that large or sudden voltage change at the 
point of fault. This can be observed from Fig. 6.4 for a solid 
a-e fault under the same conditions as that of Fig. 6.2 except 
that the fault occurs when Va = 0 (FT = 10 ms). The Fig. clearly 
shows that travel ling-wave phenomena are relatively insignificant 
and the very well known offset nature of the currents is produced.
6.2.3 Effect of source parameters
The results presented so far assume two large source capacities,
35 G VA each at both line ends respectively. However, in practice, 
this is rarely, if ever, the case and hence, assuming a low capacity 
source at one end and a large capacity source at the other end may 
reveal the effect source capacities have on the wave forms at the 
observation point. This may be shown from Fig. 6.5 for a solid a-e 
fault under the same fault conditions as that of Fig. 6.2 except 
that the capacity of the sending-end source is reduced from 35 to 
5 GVA.
Comparing the two Figs. clearly shows that a low source capacity at 
the observation point significantly increases the distortion of the 
wave forms, particularly the voltages. This finding can be explained 
in terms of travel ling-wave reflections as affected by the terminating
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networks. For example, in an open-ended line, the terminating 
impedance is nearly infinity and all the incident waves are 
reflected, i.e. a reflection factor of nearly unity is obtained in 
this case. The extreme case is a short-circuited line at the termina­
ting busbar, i.e. nearly zero terminating impedance and the reflected 
w a v e s w i l l  be of the same magnitudes but of opposite sign to the 
incident waves.
In other words, a low source capacity (high source impedance) near 
the observation point forms a major point of electrical discontinuity 
from Wiich high frequency components are easily reflected - Fig. 6.5. 
The opposite is true when the source capacity near the observation 
point is large - Fig. 6.2.
It has also been found that, for earth faults, the magnitude of 
travelling-wave components is significantly affected by the magnitude 
of the zero-sequence source impedance zsQ. In the above mentioned 
results, the ratio ( z s q / z s ^ )  was assumed to be unity. However, other 
values were assumed (typically (zSq/zs]̂ ) = 0.25 - 2.5) and the results 
obtained indicated that for lower ( z s q / z s i ) , the magnitude of the 
superimposed travelling-wave components is relatively low. This again 
can be explained by the effect the sending-end source has on the 
reflections of the incident waves. In other words, for an earth fault, 
the dominant earth-mode component of the voltage wave is more readily 
absorbed by the source if its zero-sequence impedance is low.
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6.2.4 Effect of prefault loading
In case of uncompensated long lines, line capacitance can no longer 
be neglected. Due to the relatively high capacitance of long lines, 
the voltage at any point along an uncompensated line becomes dependent 
on line loading. The voltage rise at an open end of uncompensated 
long line is a good example.
Even if 75% of line capacitance is compensated by shunt reactors, the 
uncompensated line capacitance can still affect the wave forms at the 
sending-end of a prefault loaded line. This can be seen from Fig. 6 . 6  
for a solid a-e mid point fault, under the same conditions as that of 
Fig. 6.2 except that a prefault loading corresponding to a load angle
.0’6 ’ = 30 is assumed. Both voltage and current wave forms are relatively 
more distorted in case of a prefault loaded line - Fig. 6 .6 . Due to 
coupling, the wave forms of the healthy phases are also affected.
Other remarks concerning travelling-wave content of healthy and 
faulted phases voltage and current wave forms (applied to Fig. 6.2) 
also apply to Fig. 6 .6 .
6.2.5 Effect of type of fault
So far an earth fault involving phase ’a’ and the ground has been 
considered. However, system response under other shunt asymmetrical 
faults (2 -line-to-earth, line-to-line and earth faults involving 
other phases, ’b ’, ’c ’) has been computed.
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Figs. 6 .7-6.8 show an earth fault involving phases 'a, b’ and a 
solid a-b fault respectively. For both faults, line prefault loading 
corresponds to a load angle 6 = + 30° and faults occur when Vab is at 
its positive peak.
Other fault conditions are similar to that of Fig. 6 .6 . Apparently, 
earth-mode voltage and current components dominate the faulted phases 
(a,b) of Fig. 6.7, while aerial modes dominate the healthy phase wave 
forms. Again, this may be observed from the more frequent, slower 
attenuated and the less frequent, more rapid attenuated travelling- 
waves in the healthy phase and the faulted phases respectively. For 
the pure phase fault of Fig. 6 .8 , a very remarkable difference can be 
observed. The Fig. shows that these faults produce more wave distor­
tion, which, due to the dominant aerial modes (in the waves of all 
phases), takes relatively longer time to disappear.
Fig. 6.9 shows the wave forms when a solid *b-e' fault is initiated 
under the same conditions as that of Fig. 6.2. A comparison of the 
two responses clearly indicates that the system responds in a predic­
table way when subjected to different single line to ground faults.
6.2.6 Effect of degrees of shunt compensation
As one of the primary objectives of this work is to examine the effect 
of shunt compensation on primary system response, different degrees of 
shunt compensation (ĥ , hQ) have been chosen and system responses were 
computed. The positive degrees of compensation used are (h^ = 0, .25, 
0.5, .75, 1.0, 1.25) and the corresponding zero-sequence degrees of
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compensation that theoretically produce zero secondary arc currents 
and steady-state recovery voltage (excluding the uncompensated case) 
are respectively(hQ = 0, -0.19, 0.21, 0.6, 1.0, 1.4)as may be seen 
from table 5.3.
Digital computer results showed that, in general, the patterns of 
primary system wave forms are hardly affected by the degrees of 
shunt compensation over the whole range (h^ = 0 - 1.25). For 
example. Figs. 6.10 and 6.11 show the wave forms for an uncompensated 
system (h^ = hg = 0) and that of an over-compensated system (h^ = 1.25, 
hg = 1.4). A comparison of these two Figs. with that of Fig. 6.5,
(h^ = .75, hQ = .6 ) confirms the above mentioned facts, i.e. no 
significant change in the profile of system wave forms vdien h^ 
increased from zero to 1.25. However, the magnitudes of the currents 
of Figs. 6.10, 6.5 and 6.11 are affected, being less for higher degrees 
of compensation (h^). Both the prefault and post-fault currents are 
reduced with the increase of h^ and this can be particularly seen 
from the sound phase currents since the faulted phase current is 
very high by comparison with the prefault line charging current.
6.2.7 Primary response at other relaying points
To examine the effect of the above mentioned factors on the receiving- 
end voltage and current wave forms, a similar series of studies have 
been carried out and some of the computed results are here presented. 
The effect of fault position and inception time is shown in Figs. 6.12 
and 6.13 respectively. Figs. 6.14 and 6.15 respectively show the
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effect of prefault loading and source capacities while the effect 
of degrees of shunt compensation on the receiving-end wave forms 
is shown in Fig. 6.16 - 6.18. The discussion concerning the effect 
of these factors as explained in sections 6 .2 . 1  - 6 .2 . 6  above, also 
apply to the wave forms of Figs. 6.12 - 6.18.
6.5 Response of 5-Section Feeder Systems
In this section, a series of studies similar to that presented in 
section 6 . 2  have been carried out mainly to determine any differences 
between the responses of single-section and 3-section feeder systans.
In addition, the influence of the various factors (described in 
section 6.2) on the response of 3-section feeder systems is considered.
6.3.1 Effect of fault position
As previously mentioned in section 6.2.1, as the point of fault becomes 
more distant from the observation point, travel ling-wave phenomena can 
easily be recognised and the occurrence of the ripples in the wave 
forms, particularly the voltages, becomes less frequent due to the 
larger transit times involved. This can be observed from the wave
forms of Fig. 6.19 for a solid a-e fault at the mid-point of the
middle line section of the 3-section feeder system. Fault conditions
are typically the same as that of Fig. 6.2.
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Comparison of the two responses of Figs. 6.2 and 6.19 reveals that 
there is a very remarkable difference between the two responses.
The voltage wave forms can be seen to differ significantly and, 
most importantly, the wave forms associated with the fault on the 
3-section feeder system are very considerably more distorted than 
is the case for the single-section feeder system. The reason for 
this is that travelling-waves of current set up in the 3-section 
feeder successively propagate from the fault through the observation 
point along the 400 km line towards the sources at that remote end 
of the system and are partially reflected back through the observation 
point producing relatively high levels of travelling-wave distortion.
It follows that transit times between the point of fault and the 
observation point are relatively higher for the case of Fig. 6.19 
than that for the fault of Fig. 6.2. This means that the apparent 
frequency of travelling-wave components is relatively lower in 
3-section feeder than is the case for 1-section feeder. But system 
damping is much higher at higher frequency which means that travelling- 
wave distortion is damped much more slowly in 3-section feeder systems 
- Fig. 6.19. Other remarks applied to Fig. 6.2 apply also to Fig.6.19.
6.3.2 Effect of fault inception time
The effect of fault instant is shown in Fig. 6.20 for a mid-point, 
solid a-e fault in the middle-section of the 3-section feeder system. 
The fault occurs when the prefault a-e voltage is zero. Other fault 
conditions are the same as that of Fig. 6.4. Although such fault 
instants produce minimum travel ling-wave distortion, a marked dif­
ference can still be observed between the responses of single and
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3-section feeder systems of Figs. 6.4 and 6.20 respectively. The 
faulted phase voltage of Fig. 6.20 in particular is shown to be 
different to that of Fig. 6.4.
6.3.3 Effect of source parameters
The studies of section 6.2.3 indicated that lower capacities and 
higher (zSq/zs ^̂) ratio of the source near the observation point 
significantly increase travelling-wave distortion. This has also 
been found to be the case for a 3-section system and the effect of 
source capacity can be observed by comparing Fig.6.21 to Fig. 6.19. 
The two responses are under the same fault conditions except that 
in the former, sending-end source capacity is 5 GVA. Apparently 
the voltage and current wave forms of Fig. 6.21 are relatively more 
distorted. Furthermore, comparing the response of Fig. 6.21 to that 
under the same fault conditions in single-section feeder (Fig. 6.5) 
will reveal the difference between the two responses. It can be 
seen that the frequency of travelling-wave components of Fig. 6.21 
is much lower due to the longer travelling distances involved. Also 
the Fig. shows that these components are damped much more slowly 
relative to that of Fig. 6.5.
The same remarks concerning the effect of (zSq /zs )̂ discussed in 
section 6.2.3, also apply to the 3-section feeder case.
6.3.4 Effect of prefault loading
Fig 6.22 shows the wave forms at the sending-end of the middle line
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section \dien a solid, a-e, mid-point fault occurs under the same 
conditions as that of Fig. 6.19, except that in the former case the 
line is prefault loaded, 6 = +30°. It can be observed from Fig. 6.22 
that travelling-wave distortion remarkably increased with line loading. 
This finding further confirms the fact that in long lines the voltage 
at any point depends on line loading.
The difference between responses of single and 3-section feeder systems 
can be seen from Figs. 6 . 6  and 6.22 respectively. In the latter case. 
Fig. 6.22 indicates that due to the long travelling distances involved, 
the response of 3-section feeder system is relatively more distorted.
6.3.5 Effect of type of fault
Figs. 6.23 and 6.24 show the wave forms at the sending-end of the 
middle line section for a solid 'b-c-e' and’b-c' faults respectively. 
The ’b-c-e’ fault occurs under the same conditions as that of Fig. 6.19 
vdiile the ’b-c’ fault occurs under the same conditions as that of 
Fig. 6.21. As previously explained. Fig. 6.23 clearly shows that, 
for faults involving the earth, earth mode dominates the faulted 
phases wave forms while aerial modes dominate the wave forms of the 
healthy phase. Fig. 6.24 on the other hand shows that due to the 
dominant aerial modes in the wave forms of all phases, travelling- 
wave phenomena persist considerably longer than is the case for 
faults involving the earth - Fig. 6.23. Again, because of the longer 
transmission distances involved, the wave forms of Figs. 6.23 and 
6.24, particularly the faulted-phases wave forms, are relatively
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more distorted and more slowly attenuated compared to the respective 
wave forms of Figs. 6.7 and 6 .8 .
6.3.6 Effect of degrees of shunt compensation
In section 6.2.6, it was found that the degrees of shunt compensation 
do not affect the response of a single-section feeder system. In 
3-section feeder systems, however, the degrees of compensation were 
found to slightly affect primary system response. This can be 
observed by referring to Figs. 6.25, 6.21 and 6.26 where the positive 
phase sequence degree of compensation h^ = .25, .75 and 1.25 respect­
ively. The faulted phase voltage in particular obviously becomes 
more distorted as the degree of shunt compensation increases. Again, 
the difference between the responses of the single and 3-section 
feeder systems can be observed by comparing Figs. 6.21 and 6.26 to 
Figs. 6.5 and 6.11 respectively.
6.3.7 Primary response at other relaying points
The primary system wave forms presented so far have been computed at 
the sending-end of the middle line section. A similar set of results 
were obtained and the effect of the factors described in sections
6.3.1 - 6.3.6 on the receiving-end wave forms of that line section 
was examined. Sane of these results are presented in this section 
where the remarks applied to Figs. 6.19 - 6.26 also apply to the 
corresponding Figs. presented below.
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The effect of fault location and fault instant is shown in Figs. 6.27 
and 6.28 respectively. Fault conditions are similar to that of Figs. 
6.19 and 6.20 respectively. The effect of source capacities and 
prefault loading is shown in Figs. 6.29 and 6.30, where faults 
occur under conditions similar to that of Figs. 6.21 dnd 6.22 
respectively.
The receiving-end wave forms for ’b-c-e’ and ’b-c’ faults are shown 
in Figs. 6.31 and 6.32. Fault conditions are typically the same as 
that of Figs. 6.23 and 6.24 respectively. The effect of different 
degrees of shunt compensation under the same fault conditions as 
that of Figs. 6.25 and 6.26 is shown in Figs. 6.33 and 6.34 
respectively.
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CHAPTER 7 DIGITAL EVALUATION OF FAULT-INDUCED OVER-VOLTAGES
7.1 Introduction
At the designing stages of EH\A systems, their insulation levels have 
usually been determined by the overvoltages produced during line 
energization. The improvements in EHV circuit breakers, however, 
indicate that switching-surge over-voltages can be made reasonably low 
so that fault induced over-voltages become the limiting factor that 
détermines the system insulation levels necessary.
This Chapter, therefore is primarily concerned with reporting the 
results of an extensive study of fault-induced system and shunt-reactor 
over-voltages. Prediction of over-voltage-levels of the systems 
considered in this thesis is critically important due to the following 
factors :-
1. The required system insulation levels are determined so that a 
single-line-to-earth fault could not develop into double line-to- 
earth fault, which would be particularly serious in systems employing 
single-pole autoreclosure.
2. The insulation levels of the 4-reactors can be correctly fixed so 
that the reactor can function under overvoltage conditions, i.e. 
reactive power compensation and fault-arc suppression are achieved.
In the digital computer results presented in this Chapter, overvoltages 
due to single-line-to-earth faults initiated in 3-setion feeder systems 
are particularly considered under different fault conditions.
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7.2 Computational results of system overvoltages
7.2.1 Single-section feeder system overvoltages
The crest value of system line-to-earth voltage is 408.24kV and the 
maximum crest value of fault-induced overvoltages will be refered to 
in per unit of that voltage.
The digital studies showed that the worst cases from the point of 
view of overvoltages are single-line to earth mid-point faults with 
low capacity source near the observation point. This finding can be 
seen for the a-E fault of Fig (6 .5.a) where the faulted phase overvoltage 
reaches 1.42 pu while that of phase 'c* is 1.3 pu. The same over-voltages 
were observed for earth faults involving phases'b' and’c' respectively as 
may be seen from Figs (7.1.a), (7.1.b) respectively.
Under the same fault conditions, other distant faults produced less 
overvoltages as may be seen for the a-E faults at 210 and 300km from the 
sending-end respectively - Fig (7.2).
Faults at zero-prefaulted-phase voltage showed no significant over­
voltages. The realistic loading of the 300km line corresponds to a load 
angle of about (12°) and the overvoltages produced by a mid-point a-E 
fault under conditions similar to that of Fig (7.2) can be seen from 
Fig (7.3.a) to be 1.32 and 1.27 pu experienced by phases 'a* and 'c' 
respectively.
Different source capacities were assumed and no overvoltages above 1.42pu 
were observed. Fig (7.3.b) shows the response for a 'b-c' fault 
incepted at the mid-point when = positive peak and with source 
capacities of 5 and 35 GVA at the sending and receiving ends
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respectively. Other fault conditions are similar to that of Fig (7.2).
The Fig. shows that the overvoltages experienced by both the faulted 
phases (b,c) and the healthy phase (a) are about 1.49 pu which, in 
fact, exceed that for the ’b-E’ and the t-E' faults of Figs (7.1).
No overvoltages over 1.49 pu were observed for any other type af fault 
under different fault conditions.
7.2.2 5-Section feeder syston-overvoltages
In 3-section feeder systems, overvoltages increased significantly. For 
example. Fig (7.4.a) shows the voltages at the sending-end of the 300km 
middle line-section for a solid, close-up-a-E-fault. The fault occurs 
when = positive maximum and the sources at both ends have 35 GVA 
capacity, each. The Wave forms show that the overvoltage experienced 
by phase ’c' reaches about 1.7 pu. Here, it has to be mentioned that 
although the fault occurs at the sending-end of the middle line section, 
the point of fault is physically mid-way in the three section (400, 300 
and lOOkn) feeder system. The same fault, under the same fault conditions, 
on the single-section feeder produced nearly no overvoltages as shown 
in Fig (6.2). Again, no overvoltages were observed for single-line-to 
earth faults that occur at zero voltages.
Fig (6.19.a) shows that the ’c-E’ voltage reaches about 1.4 pu for a 
mid-point fault under the same conditions as that of Fig (7.4.a), and 
other distant faults produced less severe overvoltages. Fig (7.4.b) 
shows that the over-voltage of phase ’b' is about the same value (1 .7pu) 
when a solid *c-E’ close-up fault occurs under the same conditions as 
that of Fig (7.4.a). Other distant a-E faults under the same conditions 
as that of Fig (7.4.a) produced less severe overvoltages. For example.
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Fig (7.5.a,b) shows that phase 'c' overvoltage reaches about 1.5 pu 
and 1.44 pu for faults at 40 km and 150 km respectively from the 
sending-end. For lower sending-end source capacity (5 GVA), Fig 
(7.6.a) shows that lower overvoltage (V^ =1.52 pu) are produced 
under exactly the same fault conditions as that of Fig (7.4.a).
Nearly the same over-voltage level resulted in the same phase (c) 
when source capacities are 35 and 5 GVA at the sending and receiving 
ends respectively Fig (7.6.b).
Higher sending-end source impedance ratios (Z^^/Z^^) have been found to 
increase system overvoltages while lower ratios reduced them. This 
can be seen from Fig (7.7.a) and (7.7.b), for (Yg^/Zg^) = 2.5 and 0.25 
respectively, for a-E mid-point faults similar to that of Fig (7.5.b).
The Fig. shows that with |Z^/Zg^| =2.5 the phase ’c ’ overvoltage 
increased from 1.44. pu (ZqQ/Zq^^l'O) to 1.49 pu while reduced to about 
1.35 pu with IZ^q/ Z ç.  ̂ I = 0.25.(the impedence ratio changes by changing Z gg)
Overvoltages induced in phase (c) were found to be slightly increased 
with line loading as shown in Fig (7.8). Fig (7.8.a) shows that V^ = 1.72 
pu (compared to the 1.7 pu of Fig (7.4.a)) while Fig (7.8.b) shows that 
under loading conditions, (6 = 30°), the overvoltage of Fig (7.5.b) 
increased from 1.44 pu to about 1.49 pu. Other types of faults have been 
shown to produce less severe overvoltages as may be seen from the wave, 
forms . presented in Chapter (6).
Therefore, from Figs (7.1)-(7.5), it can be concluded that the worst cases 
from the point of view of overvoltages experienced by the healthy phases 
are single-line-to-ground faults that occur at the mid-point of the system
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when the faulted phase voltage is at its positive peak. These over­
voltages show complete agreement with other published results 
concerning uncompensated transmission systems. For example, Kimbark 
etal^^^) predicted in their analysis using the T.NAand the lattice 
diagram that a single line to ground fault can produce an overvoltage 
on an unfaulted phase as high as 2.1 pu in a 3-phase system. Their 
predicted worst fault location is the mid-point which also agrees 
with the results presented in this section.
Similar conclusions regarding overvoltages due to fault initiation
have been reachedf^^ Clerici etal,^^^^ using the T N A, have found
that, due to faults, overvoltages up to 1.7 pu are experienced by their
735KV system. In their assessment of overvoltages due to faults, the 
(22')authors ̂  ̂ emphasized that such overvoltages stress the insulation of
healthy phases and therefore may fix the minimum acceptable values for 
air clearances in overhead lines.
Using digital techniques, Boonyubol e t a l e x a m i n e d  the problem on a 
transposed 3-phase system. Their predictions agree with Kimbark 
and hence with the results presented in this section. Using the (21)
Fourier transform overvoltage levels predicted by Johns and Aggarwal 
are 1.98 and 1.78 pu for single and double circuit systems respectively. 
It has also been s h o w n t h a t  in the case of lines fed from similar 
capacity sources, the worst case of overvoltages occurs at the mid-point. 
These findings agree completely with the results presented in Figs 
(7.1 - 7.8).
It has to be added that high frequency voltage components up to only 
4kHz are covered in the digital computer results presented in Figs 
(7.1 - 7.8) and it follows that if higher frequency components (above 
4 kHz) are considered, higher system overvoltages may be produced.
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7.3 Computational Results of Reactor Overvoltages
reactors are usually protected against severe overvoltages by 
surge a r r e s t e r s L i g h t n i n g !  arrester switching-surge spark- 
over voltages, as published, are g e n e r a l l y 1.35 to 1.55 pu of 
arrester crest rating. The lowest arrester crest rating that has been
(34)
used with 500kV systems to date is 396kV.
On practical 500 kv systems with line connected shunt reactors, however, 
an arrester rating greater than 396kV has been used and in this case the 
minimum arrester switching surge spark over voltage would range from 
1.85 to 2.13 pu based on 408 kv phase-to-earth crest voltage.
From continuous discussions with some Kennedy and Donkin Engineers, ̂   ̂ ü
was understood that in a similar work they found out that the above 
rating is adequate for the phase-reactors and a nominal voltage of 155kV 
(r.m.s.) across the neutral reactor is reasonable enough to select 
the neutral reactor break down insulation level.
The objective of this section is, therefore, to examine any severe 
overvoltages experienced by phase and neutral reactors, in single and 
3-section feeder systems under different fault conditions.
7.3.1 Single-section Feeder Reactor Overvoltages
From the computational results of system overvoltages, it has been shown 
that higher overvoltage levels are produced in case of single-line-to- 
ground faults that occur at maximum prefault voltage with source 
capacities of 5, 35 GVA at the sending-end and receiving-end respectively. 
Therefore, reactor overvoltages will be shown only under these conditions. 
Figs (7.9) show the reactor voltages for a solid, mid-point earth fault
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involving phases’a’ and ’b' respectively under the same fault 
conditions as that of Fig (7.1.a). Fig (7.9.a) shows that the faulted 
phase voltage 'V̂ ' reaches about 1.31 pu while that of phase 'c’ is 
about 1.2 pu. Nearly the same overvoltage levels are produced in phases 
’b* and ’a’ for the b-E fault of Fig (7.9.b). In the two cases of Fig 
(7.9), the overvoltage experienced by the neutral reactor does not exceed 
lOOW, i.e. about 0.46 of the designed neutral crest voltage (219.2 kV).
Fig (6 .10.a) shows that the increase of shunt compensation slightly 
increases reactor overvoltage. Under the same fault conditions as that of 
Fig (7.9.a) but with h^ = 1.25, overvoltage levels are 1.35 pu and 1.25 pu 
in the faulted and healthy phases respectively. Neutral voltage is shown 
to be nearly unchanged. Fig (7.10.b) shows that, under the same fault 
conditions as that of Fig (7.9.a) but with prefault loading (6 = + 12°), 
reactor overvoltages are slightly reduced.
The effect of fault position on reactor overvoltages is shown in Fig 
(7.11.a) and (7.11.b) for an a-E fault at distances 210 km  and 300 km 
from the sending-end respectively. Apparantly the reactor overvoltage 
levels are less than that for the mid-point fault of fig (7.9.a).
Through the extensive studies of reactor overvoltages, no other fault, 
under different fault conditions, has produced overvoltage levels higher 
than 1.35 pu (for phase reactors) and 0.46 pu (for the neutral reactor).
7.3.2 3-Section Feeder Reactor Overvoltages
In this section, the computational results of the thorough investigation 
of overvoltages experienced by shunt reactors compensating 3-section 
feeder systems are reported. Particular consideration is given to single
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line-to ground faults that occur at the mid-point of the network when 
the prefault voltage of the faulted phase is at its positive peak.
Fig (7.12.a) and (7.12.b) show the reactor voltages for an a-E and 
c-E faults respectively, that occur at the sending-end of the middle 
line section (mid-point of the system) when 'V̂ ' respectively
are at their positive peak. The Fig. shows that, in both cases, healthy 
phases experienced an overvoltage of about 1.37 pu, while the neutral 
reactor overvoltage reached about 0.58 pu. Other distance earth faults 
under the same conditions as that of Fig (7.12) produced lower overvoltage 
levels as shown in Fig (7.13.a) and (7.13.b) for an a-E fault at 40km and 
150km from the sending-end respectively.
Lower capacity sources at the sending and receiving ends respectively, also 
resulted in lower overvoltage levels for a close-up a-E fault under the 
same fault conditions as that of Fig (7.12.a). This can be seen from Figs 
(7.14.a) and (7.14.b) respectively. The Figs, show that sound phase 
overvoltagees are 1.25 and 1.23 pu respectively while, in both cases, the 
neutral reactor voltage reached about 0.45 pu.
Under the same fault conditions as that of Fig (7.12.a), higher sending- 
end source impedance ratio = 2.5) has increased the phase and
neutral reactor overvoltages to 1.42 and 0.61 pu respectively.
For a solid a-E fault at the sending-end busbar, it has been found that 
with prefault loading (6 = + 3(% and under the same fault conditions as 
that of Fig (7.1 2 .a), both phase and neutral reactor overvoltages have 
insignificantly increased as shown in Fig (7.15.a). Fig (7.15.b), 
however, shows that with a ratio |"Vg/Vp̂ | = 1 .1 , the same fault significantly 
increased overvoltage levels. The Fig. shows that phase reactor voltage 
increased from 1.37 to 1.51 pu while that of the neutral reactor increased
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from 0.58 to about 0.64 pu. It has to be mentioned, however, that 
shunt reactor is supposed to stabilize the voltage along the line and 
the 1 . 1  |Vg/V^| ratio may not be reached in practice.
The effect of degrees of shunt compensation on reactor overvoltage is 
shown in Fig (7.16) for a close-up, solid a-E fault under the same 
conditions as that of Fig (7.1 2 .a) but with h^ = .5 and 1.25 respectively. 
Fig (7.16.a) shows that the neutral reactor overvoltage has drastically 
increased to 0.89pu, while that of the phase reactor is about 1.23 pu. 
With an extreme limit of shunt compensation, the phase reactor voltage 
reached about 1.5 pu (an increase of 0.13 pu compared to Fig (7.12.a) 
with h^ = .75), while that of the neutral reactor is reduced to about 
0.32 pu.
From the computational results, therefore. Figs (7.9) - (7.16) show that, 
in general, higher reactor overvoltages are produced in case of 3-section 
feeder systems, Fig (7.11) - (7.16), than the case with single-section 
feeder systems. These overvoltages are produced due to single line-to 
ground faults that occur at the mid-point of the system when the prefault 
voltage is at its positive peak.
The results show that the worst overvoltage levels experienced by both 
the phase and the neutral reactors are far below the spark-over ratings 
of the arresters protecting them (as mentioned earlier in this section). 
However, it has to be emphasized that extra care has to be taken when 
protecting the neutral reactor, in particular, so that the probability 
of losing it is minimised aid secondary arc extinction can be achieved. 
Also, it has to be mentioned that if higher frequency component voltages 
are considered in the computational process, overvoltage levels higher 
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CHAPTER 8 DIGITAL SIMULATION OF SATURATION EFFECTS 
IN 4-REACTOR COMPENSATED SYSTEMS
8 .1 Introduction
The lower value of saturation voltage of non-linear shunt reactors (main 
reactors) that might be designed for use on EHV systems has been reported 
to be 1.25 times the rated r.m.s. reactor voltage. However, it is 
generally felt that saturation effects for a linear reactor would probably 
begin to occur at higher voltages and a figure around 1 . 8  times the 
reactor rated peak voltage has been considered in a realistic system.
In addition, the knee-point voltage of the neutral reactor has been assumed 
to be 155 kV (rms), i.e. 219.2 kv (peak). The knowledge of the knee-point 
voltages of phase and neutral reactors has enabled the calculation of
their saturation currents and flux linkages as tabulated in Table (5.3). 
According to these saturation levels, a thorough investigation of the 
likelihood of saturation of any of the 4-reactor limbs has been carried 
out for the 3-section feeder system.
Faults have been initiated in the middle line-section (300 km) and the 
possibility of saturation of its sending-end reactors, in particular, 
under different fault conditions, is reported in section (2 ) of this 
Chapter.
As will be seen from section (8 .2 ), the only reactor limb that has reached 
or exceeded the saturation levels (of Table (5.3)) is the sending-end 
neutral reactor. This finding is extremely important since, due to 
saturation, the sending-end neutral reactor can not, as it should do, 
help in neutralising line inter-phase capacitances and hence, secondary 
arc extinction will become more difficult.
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Saturation of sending-end neutral reactor has been digitally simulated 
using the methods developed in Chapter (4) and the computer-results 
showing the effect of the phenomena on primary system response are 
presented in section (8.3).
8.2 Probability of Saturation of the 4-legged Reactor Scheme
Some of the computer results showing the peak voltage, current, and 
flux linkage swings of the main and neutral sending-end reactors under 
different fault conditions are summarised in Table (8.1). The table 
clearly shows that saturation of any of the phase reactors is very 
unlikely. From saturation view point, the worst cases for the phase- 
reactors are obviously cases (1 ) and (11-16).
For case (1), the Table shows that the reactor flux linkage swing (0.62) 
is far below its saturation level (equation 5.9). For cases (11-16), 
the absolute | V^/ ratio is assumed = 1 .1 . Inspite of the fact that 
the shunt reactor is supposed to stabilise the voltage along the line 
so that the ratio |Vg/V^| is kept nearly unity, again, the Table shows 
that the phase-reactor flux linkage swing reaches a maximum value of 
0.66 pu (case-11) which is far below unity. It can therefore be 
concluded that no saturation of any of the phase-reactors is, if ever, 
possible under different fault conditions.
On the contrary, the Table shows that saturation of the neutral reactor 
is most likely. From saturation view point, it is evident that the 
worst cases are, in general, single-line-to-ground faults that occur at 
an instant of time that corresponds to zero faulted-phase-ground voltage 
(prior to the fault ). At such fault instant, line currents and, hence, 
reactor currents, are highly offset and it follows that neutral current 
































































































According to Table (8.1), the worst cases are cases 4, 7, 11, 29, 35,
41, 47 and 53. Again, case study (11) may te excluded in view of the 
fact that shunt reactors are used to stabilise line voltage and an 
absolute | ratio is unlikely to reach 1 . 1  pu.
Figs (8.1) - (8.3) show the 4-reactor voltage and current wave forms 
for study cases 4, 7 and 29 (of Table 8.1) respectively. The Figs. 
clearly show the offset nature of reactor currents, particularly that of 
the reactor phase connected to the faulted conductor (a) and the neutral. 
Also the absolute peak voltages and currents reported in Table (8.1) 
can be seen for the respective cases of Figs (8.1) - (8.3) and reactor 
flux linkage swings can be roughly calculated using Tables (5.3), (8.1) 
and equations (5.9).
Relatively high neutral reactor currents and flux linkage swings can also
be produced for distant faults as may be seen from study cases 5, 12, 30,
36, 42, 48 and 54, of Table (8.1). Again, excluding case study (12), 
the reactor voltage and current wave forms for some of the above cases 
(5, 30, 36) are shown in Figs (8.4) - (8 .6 ) respectively.
A similar series of studies have been carried out to examine the 
possibility of saturation of receiving-end reactors, and the conclusion 
is that none of the 4-reactors was found likely to saturate.
8.3 Effect of Reactor Saturation on Primary System Response
From the analysis presented in section (8.2), (Ihble (8.1) and Figs8.1 - 
8 .6 ), it is very obvious that the neutral reactor would saturate. 
Accordingly, it has been decided to simulate the phenomena in order to 
examine its effect on primary system wave forms and hence, on system 
protective relays. Using the techniques developed in Chapter (4), a
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computer program has been developed to simulate neutral reactor 
saturation in a 3-section feeder system. Computational results 
are presented in this section.
Fig (8.7) shows the sending-end wave forms under saturation. Fault 
conditions are analogous to case study (4) of Table (8.1) and 
saturation is assumed to occur after 5 ms.
Inspite of the fact that the techniques developed in Chapter (4) 
suggest that saturation time has to be specified, it has to be
emphasised that, practically, saturation occurs only when reactor current 
and flux linkage exceed its saturation levels. The assumption, however, 
simplifies the investigation process and is highly justified 
particularly if reactor saturation is proven to have no or insignificant 
effects on primary system wave forms. Furthermore, it has to be 
mentioned that the voltage source that simulates saturation is switched 
into the circuit at the time the fault occurs. Therefore, it follows 
that due to this voltage source, superimposed voltage and current 
components are produced at the points of interest before the specified 
saturation time is reached.
Saturation has been found to have relatively insignificant effects on the 
sending-end voltage and current wave forms. This remark can be observed 
by comparing the individual voltage and current components of Fig (8.7) 
due to ’fault' and ’saturation’ as may be seen from Fig (8 .8 ). The Fig 
shows that the voltage component due to saturation is about 5.2 W  peak 
(for the healthy phases b,c), reduced to a nearly steady-state peak 
value of about 0.5 kV (Fig 8 .8 .b). On the other hand, fault-transient 
component voltage (Fig 8 .8 .a), reaches about 130 kV peak for the same 
phases. Therefore, a saturation voltage component which is about 4% 
of transient component is not expected to cause any significant change
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in the overall voltage wave forms. Figs (8 .8 .c), (8 .8 .d) show that 
saturation component current is a very insignificant fraction of 
transient component, about 0.35% of its peak.
The effect of saturation time ’T^’ on saturation voltage and current 
components has also been examined. For example. Fig (8.9) shows the 
individual components under the same conditions as that of Fig (8 .8 ) 
except that, in the former case, saturation occurs after 15 ms. A 
comparison of the two Figs. reveals that saturation time may affect 
the shape of saturation voltage and current wave forms but their 
magnitudes are still insignificant compared to the respective transient 
components.
Although case study (1) of Table (8.1) shows that saturation of the 
neutral reactor is unlikely for an a-E fault that occurs at maximum 
prefault a-E voltage. Fig (8.10) examines the effect of saturation, 
if it ever happens, on system wave forms. Saturation time ’T^' is 
assumed to be 15 ms as may be seen frcm its source voltage wave forms of 
Fig (8 .11.a). The individual transient and saturation voltage and 
current components of the wave forms of Fig (8.10) are shown in Fig 
(8.11.b) - (S.ll.e). Again, the Figs show that saturation component 
voltages and currents are very negligible compared to that due to fault.
The effect of reactor saturation on sending-end wave forms in case of 
distance faults is shown in Fig (8.12) for a mid-point, solid a-E fault. 
Other fault conditions are similar to that of Fig (8.10).
Figs (8.12.b), (8.12.C) show that sound phase saturation component 
voltages are about 4% of that due to fault. Figs (8.12.d) and (8.12.e), 
again show that saturation component currents are very small compared 
to that due to fault.
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Figs(8.13) - (8.14) show both transient and saturation voltage and 
current components respectively for a mid-point solid a-E fault under 
the same conditions as that of Fig (8.12) except that in the former 
cases, the reactor characteristic slope ratio (L2 /L^ of Fig. 4.2) is 
assumed to be 0.5 and 0.01 respectively (rather than 0.1 as the case 
with Fig (8.12)). A comparison of the three Figs. indicates that the 
profile of saturation component voltage and current wave forms is not 
significantly affected by different slope ratios. Figs (8.12) - (8.14) 
show, however, that as the slope ratio increases, the absolute value of 
these components is reduced.
The effect of sending-end neutral reactor saturation on sending-end 
primary response under other fault conditions has been examined and 
the same basic findings were observed. A similar series of studies 
have been carried out for the receiving-end primary response and the 
same conclusions, i.e. that saturation does insignificantly affect the 
primary system wave forms, were reached.
Therefore, in view of these findings, it can be said that due to the 
fact that primary system response is hardly affected by saturation, 
system protective relays should be expected to function normally, as is 
the case with linear shunt reactors.
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Voltage and current wave forms at the S.E. 
of the middle section of the 3-section feeder 
system examined.
- Solid 'a-E' close-up fault, FT = 0
- Neutral reactor is saturated, Tg = 5 ms.
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Voltage and current v/ave-forms at the S.E. 
of the middle section of the 3-section feeder 
system examined.
- Solid 'a-E' close-up fault, FT=5ms.
- Neutral reactor is saturated, Tg=10 ms
- Other fault conditions are similar to 
that of Fig 8.1.
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CHAPTER 9 DIGITAL EVALUATION OF DISTANCE RELAY PERFORMANCE
9.1 Introduction
It has always been recoginsed that accurate simulation of EHV power systems 
under fault-transient conditions provides a true picture of the primary 
system wave forms and hence a realistic prediction of the performance of 
protective relays. Furthermore, an improvement of relay performance to 
meet future demands can be achieved.
The relaying point primary wave forms, evaluated-using frequency domain 
techniques-and presented in Chapters (6 ) and (7), showed that considerable 
travelling wave distortion can often be produced and hence relaying signals 
are expected to be highly distorted.
Relatively little work, however, has been done on the effect of travelling 
waves on distance-relay performance. Based on Fourier transform techniques
rsyithe problem has been examined  ̂  ̂ using cross polarised mho-relays
('57')applied to short and long-uncompensated transmission systems. The authors^ ^
have given particular consideration to travelling wave effects.
Neglecting the frequency v a r i a n c e o f  line parameters, a similar 
investigation has been r e p o r t e d . H u g h e s h a s  examined in detail the 
performance of a high-speed static distance relay based on the well known 
block-average principle. ^  Again, test results presented in this paper 
are not expected to provide a realistic performance of distance relays, 
since only series impedance of the line has been modelled.
It is one of the primary objectives of this work, therefore, to examine the 
effect of travel ling-wave phenomena on the performance of cross polarised 
mho r e l a y s b a s e d  on the block-average p r i n c i p l e . T h e  work has
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been particularly carried out to reveal the effect on relay performance, 
if any, of shunt compensating the line using a 4-reactor scheme.
Relay performance on uncompensated systems has also been considered and 
hence a comparison of relay responses on uncompensated and 4-reactor 
compensated systems is possible.
Digital simulation of relay mixing circuits and the basis of the step-by- 
step techniques used to derive the relaying signals are presented in 
Appendix (A5). The calculations necessary to simulate both the transactor 
and the polarising circuits were presented in Chapter (S) and Appendix (A6 ) 
Digital Computer results of relay responses on single and 3-section feeder 
systems are reported in sections (9.2) and (9.3) respectively.
Response of relays protecting a specific 3-section feeder system under 
practical loading conditions has also been considered and the computational 
results are presented in section (9.4).
9.2 Performance Of Relays Applied to single-section Feeder Systems
The computational results reported in Chapters (6 ) and (7) showed that, 
various factors such as fault instant, fault position, source capacities,
type of fault, etc., considerably affect the content and duration of
travelling wave components in primary system wave forms. In view of the 
fact that the majority of faults that occur on EHV systems are single-line- 
to-ground, transitory in nature, the performance of protective
relays for such faults are particularly considered and the effect of the 
above mentioned factors are examined.
Faults on both compensated and uncompensated systems are initiated and 
relay performance in terms of speed of operation and measurement accuracy is 
obtained. The computer results are presented below.
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9»2.1 Response of Relays on Uncompensated Systems
Fig (9.1.a) shows the relaying voltage wave forms for a solid a-E, close- 
up fault. The fault instant is at maximum prefault a-E voltage and source 
capacities are 35 GVA at both ends.
It can be seen from the Fig. that neither relaying voltage is significantly 
distorted, the sound-phase wave forms being mainly responsible for that 
which does occur.
The studies show that for close-up faults, detection time is always a 
minimum, about 11.4 ms as may be observed from Fig (9.1.c). The output 
of the coincidence detector is shown in Fig (9.1.b) from which coincident 
and anti-COincident periods can be observed.
Fig (9.2) shows the corresponding signals for a fault at zero, prefault, 
a-E voltage and the same general remarks apply. The effect of the 
transactor on filtering the exponential component is clearly evident from 
Fig (9.2.a) and the trip-time is about 11.7 ms as may be seen from the 
integrator output of Fig (9.2.c).
For distance faults, travelling wave distortion is more remarkable as may 
be seen from the input signals and integrator output of Fig (9.3) for a 
solid a-E mid-point fault under the same conditions as that of Fig (9.1).
The corresponding signals and integrator output for a mid-point a-E fault 
at zero voltage are shown in Fig (9.4). Travelling wave distortion 
produced in signals s^ and S2 (of Fig 9.3), for fault at peak voltage, tends 
to increase relay operating time to about 14.6 ms compared to about 12.5 ms 
for a zero-voltage fault as may be seen from Figs (9.3.c) and (9.4.c) 
respectively.
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The effect of having low capacity source at the observation point on 
relay performance is shown, for a mid-point a-E fault, in Fig (9.5).
Fault conditions are typically the same as that of Fig (9.3) but 
with sending-end source capacity of 5 GVA. In view of the fact that 
this is the worst case from the point of view of travelling wave 
distortion. Fig (9.5.b) shows that no appreciable build up towards 
tripping occurs until about 7.8 ms after fault inception. Relay 
operating time is about 2 0 . 8  ms which is rather high compared to that 
of Fig (9.3.C), 14.6 ms. Here, it has to be emphasized that this delay 
in relay operation would not be revealed by conventional dynamic 
testing methods in which the line is represented by a simple 
resistance-inductance combination.
As may be observed from Table (9.1), relay operating time is relatively 
low (12.6 ms) for zero-voltage fault analogous to that of Fig (9.5).
This finding merits special attention, due to the fact that it has 
always been recognised that faults at maximum voltage are favourable 
from the point of view of relay operating time.
Table (9.1) also shows that under fault conditions such as that of 
Fig (9.5), but with source capacities of 35 and 5 GVA at the sending 
and receiving ends respectively, travelling wave distortion is less 
and hence relay operating time is reduced (14.3 ms).
Details of the studies considered for the purpose of examining the effect 
of source capacities and fault inception time on the performance of 
sending-end a-earth fault relay are summarised in Table 9.1, where 
relay trip time and relay reach are shorn. The Table clearly shows that.
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S.S.C.L (GVA) 35 5 35









X Faults at Faults at Faults at Faults at Faults at Failts at
(km) V^ = max. V = 0 a V^ = max. V = 0 a V^ = max. V = 0 a
0 11.4 11.7 1 0 . 8 11.3 10.3 11.5
40 1 1 . 0 1 0 . 0 14.3 10.4 1 1 . 0 1 0 . 0
80 11.7 1 0 . 8 16.6 10.5 11.3 1 0 . 8
1 2 0 12.4 11.7 17.7 1 1 . 2 1 2 . 2 11.5
150 14.6 12.5 2 0 . 8 1 2 . 6 14.3 12.4
2 0 0 22.5 17.2 31.1 17.0 22.3 16.9
2 1 0 27.3 19.8 35.0 23.3 28.7 19.9
2 2 0 32.8 27.7 43.5 29.0 32.9 27.9
223.25 - - - - - -
230 43.75 38.25 55.0 39.75 43.5 37.75
235 85.0 79.75 95.5 100.75 104.75 80.25
236 No trip No trip No trip No trip No trip No trip
237 II tf II II II II
238 II f f II ir II II
239 II Tf II II II II
240 II f T II II II II
Table (9.1)
Effect of source capacities on the performance of block 
average comporator relays applied to single-section 







generally, the relay operates much faster for faults at zero faulted 
phase voltage and in all cases it underreaches, the amount of underreach 
being about 5 km, i.e. 2.1%. Also it is obvious that the worst case 
from the point of view of relay operating times is that when a small 
source capacity (5 GVA) and a large source capacity (35 GVA) are assumed 
for the sending and receiving-ends respectively.
Travelling wave distortion of the primary wave forms and hence of the 
relay input signals is the main obvious reason for larger operating 
times in this case.
Relay response for 5 GVA source capacity at each end has not been 
examined in detail but relay reach has been found to be also about 235 km 
for faults at both maximum and zero faulted phase voltage. Also the 
response of other earth-fault relays has been considered. For example, 
the reach of the phases ’b* and 'c' relays have been found to be 234 
and 235 km for a solid b-E and c-E faults at maximum ’V^’ and ’V^' 
respectively and for source capacities of 35,35 and 5,35 at the sending-end 
and receiving-end respectively.
So far, relay performance has been considered under the assumption of 
no prefault power transfer. However, the response of the phase 'a' relay 
has been examined under prefault line loading corresponding to a load 
angle 6 = +30°, power export at the sending-end. Only relay reach 
has been considered for faults at maximum ’V^' and different source 
capacities have been considered. For example. Fig (9.6) shows the 
relaying signals and integrator outputs for a solid a-E mid-point fault 
at maximum ’V^’ with source capacities of 35 GVA at each end.
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Generally, it can be said that relay operating time increases with prefault 
loading, particularly for faults within the first half of the protected 
line. This can be observed by comparing Fig (9.6) (6=30°) with Fig (9.3) 
(6=0°) where the operating time increases from 14.6 to 15.13 ms 
respectively.
As far as relay reach is concerned, it is shown in Table (9.2) that the 
relay does overreach when exporting power at the sending-end while the 
amount of underreach increases when power is imported at the same end.
The maximum amount of overreach is 5% and the amount of underreach is about 
6 .6 % for 5,35 GVA sending-end and receiving-end source capacities. It has 
been observed from the digital computer results presented in Chapters (6 ),
(7) that due to the dominant aerial mode components in the primary wave 
forms, travelling waves persist for considerably longer time in case of phase- 
faults. Therefore it is necessary to examine the performance of phase- 
relays under such conditions. Figs (9.7) and (9.8) show the relaying signals 
and the integrator outputs for a mid-point solid b-c fault at maximum and 
zero 'Vy^' respectively. Source capacities are 5,35 GVA at the sending and 
receiving-ends respectively.
Other fault conditions are similar to that of Table (9.3). Fig (9.7.a) 
shows the effect of the extremely high travelling wave distortion on the 
relaying signals and Fig (9.7.b) clearly indicates a delay of measurement 
until approximately 17 ms after fault inception occurs. From Fig (9.8), 
considerably more noise is observed in the relaying signals than is the 
case for the corresponding a-earth fault. Fig (9.5.a). This, however, does 
not cause a significant delay as indicated by the prominently coincident 
nature of the relaying signals.
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From Figs (9.7) , (9.8), relay operating times are about 24.S and 12.7 ms 
compared respectively to 20.8 and 12.6 ms for an a-E fault under tbe same 
fault conditions. Table 9.3 shows the effect of a solid b-c fault on 
relay speed of operation and relay reach. A comparison of Table (9.3) 
with the corresponding a-E fault of Table (9.1) will clearly show that 
generally for phase faults (b-c), relay reach decreases and relay operating 
times increase particularly for faults at maximum .
The detailed studies of the performance of the block-average comporator 
relays shown in Tables (9.1) - (9.3) can be best substituted by the fault 
position / operating time characteristics of Fig (9.9), from which the effect 
of source capacities, fault inception time and type of fault on relay speed 
of operation and measurement accuracy can be observed. The same remarks 









a-E 130° V =max a 35 35 237
I I I t I I 5 35 252
I I I I I I 35 5 245
I I I I I I 5 5 250
I I I I V = 0 a 35 35 246
I I t ^ ° V =max a 5 35 224
I I 1230° V = 0 a 5 35 225
Table (9.2)
Effect of prefault line loading on the measurement accuracy of 
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ŜSÔ ŜSl R̂SÔ ^̂ RSl "
122
X ( W
Relay operating Time (ms)
Fault at Vy^ = 
maximum
Fault at V^^ = q
0 11.3 1 1 . 6
40 19.3 10.4
80 20.7 1 0 . 6
1 2 0 21.7 12.7
150 24.7 12.7
2 0 0 52.4 19.8
2 1 0 62.75 -







232 No Trip No Trip
Table (9.3)
Performance of the 'b-c* relay applied to 








S.S.C.L = 5 GVA
R.S.C.L = 35 GVA
1.0
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9.2.2 Response of Relays on 4-reactor Shunt Compensated Systems
In this section, the performance of block-average comparator relays 
protecting single-section, double-end-fed, shunt compensated feeder systems 
is obtained. The effect of degrees of shunt compensation, together with 
the various factors considered in section (9.2.1), on relaying signals and 
hence on relay speed of operation and measurement accuracy is examined.
Only relays located at the sending-end of the line are considered.
The results presented in Table (9.1) showed that source capacities 
considerably affect relay performance, particularly their speed of operation 
in case of distance faults. This may be observed for the compensated system 
from Figs (9.10) and (9.11) for a solid, mid-point a-E fault with source 
capacities at line ends of 35,35 and 5,35 GVA respectively. Other fault 
conditions are similar to the respective uncompensated cases of Figs (9.3) 
and (9.5).
A comparison of the two Figs shows that due to the low capacity source at 
the observation point, relaying signals of Fig (9.11.a) are relatively more 
distorted compared to that of Fig (9.10.a). It is therefore expected that 
such distortion will cause a delay in relay operation. This can be seen 
from Figs (9.10.C) and (9.11.C) where trip time increased from 14.1 to 
20.5 ms respectively.
A comparison of the uncompensated cases of Figs (9.3) and (9.5) to the 
respective compensated cases of Figs (9.10) and (9.11) reveals that for the 
uncompensated cases, relays operate relatively slower, 14.6 and 20.8 ms for 
Figs (9.3) and (9.5) respectively.
An extensive series of studies has been carried out to examine the effect of 
different source capacities on relay performance. The results of those
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studies are shown in Table (9.4), from which it is seen that, in general, 
relays tend to overreach when used with shunt compensated systems, the 
amount of overreach being about 2-3 km, i.e. about 1%. The Table also 
shows that for faults at maximum voltage, relays take longer time to 
operate and the worst case is, again, a maximum voltage-fault with source 
capacities 5,35 GVA at the sending and receiving-ends respectively.
From relay speed of operation point of view. Tables (9.1) and (9.4) show 
that under the same fault conditions, earth-fault relays, generally, operate 
faster with compensated systems than is the case with uncompensated systems.
Relay reach with low source capacities at both ends has also been considered 
and was found to be 242 and 241 km for faults at maximum and zero a-E voltages 
respectively. Also, the response of other earth-fault relays has been 
considered. For example, Figs (9.12), (9.13) show the relaying signals and 
integrator outputs for mid-point 'b-E' and 'c-E' faults respectively. Other 
fault conditions are analogous to that of Fig (9.11). It is clear from the 
Figs. that the amount of distortion in the input signals is nearly the same 
as that of Fig (9 .11.a). The relays operate after about 20.83 and 19.2 ms 
(Figs (9.12.b) and (9.13.b) respectively) compared to 20.5 ms operating 
time in case of the a-E fault of Fig (9.11).
As far as measurement accuracy is concerned, the reach of phases 'b' and 'c' 
relays was found to be 241 and 242 km respectively which, again, is nearly 
the same as that of phase 'a' relay (242 km).
The effect of source capacities and fault inception time on phase (a) relay 
speed of operation and measurement accuracy is shown in Fig (9.14).
The computational results presented in Chapter (6 ) showed that primary 
system wave forms and hence relay input signals are affected by line
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S.S.C.L GVA 35 5 35


















V = max a
Fault at
V = 0 a
0 10.7 11.7 1 0 . 8 11.3 10.3 11.5
40 1 1 . 1 1 0 . 0 14.0 10.3 1 1 . 0 1 0 . 0
80 11.7 1 0 . 8 15.3 10.5 11.4 1 0 . 8
1 2 0 12.3 11.9 17.5 1 1 . 2 1 2 . 2 11.9
150 14.1 12.5 20.5 12.3 13.9 12.7
2 0 0 21.3 16.7 29.9 16.5 21.5 16.5
2 1 0 23.8 18.1 32.5 19.1 27.1 18.2
2 2 0 29.4 25.5 40.5 27.5 29.7 26.6
230 33.75 - 45.25 36.25 32.5 -
235 34.75 37.25 64.25 37.25 42.75 37.75
240 54.5 39.5 85.5 60.25 75.2 39.75
241 54.75 59.5 105.0 80.75 75.25 -
242 74.75 99.5 105.5 139.0 95.25 1 1 0 . 0
243 No Trip 118.5 No Trip No Trip No Trip 110.25
244 »i No Trip T1 tt tt No Trip
245 T! Tt 1? 1 T tt Vf
Table 9.4
Effect of source capacities on the performance of 
block average comparator relays applied to single­






R = 100.0 
^RSO^^RSl 1.0
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prefault loading. Fig (9.15) shows the relaying signals and integrator 
output for a mid-point, solid a-E fault at maximum voltage. The line 
prefault loading corresponds to load angle ( 6 = 30°), i.e. power is
exported at the relaying-end. Other fault conditions are similar to that
of Table (9.5.a). The Fig shows that relay operating time is about 19.13 ms
compared to 20.5 ms in case of zero prefault loading.
From the detailed study of the effect of prefault loading on relay 
performance, it has been found that, compared to the zero prefault loading 
case (Table (9.4)) operating timesincrease for faults near the relaying 
point while decrease remarkably for faults near the boundary. This effect 
may be seen from Table (9.5.a) and Fig (9.16.a) which show that relay reach 
is 260 km, i.e. the amount of overreach is about 8.33%. Relay trip times 
under the same fault conditions but with source capacities of (35,35),(35,5) 
and (5,5) GVA at the sending and receiving-ends, were found to be 14.1,
14.13 and 16.73 ms for the three cases respectively. Apparently, those times 
are considerably lower than the corresponding operating time of Table (9.5.a) 
(19.13 ms).
Relay reach with different prefault loadings and different source capacities 
is presented in Table (9.5.b), which clearly shows a maximum over-reach of 
20 km (8.33%) when exporting power at the relaying end. The Table also 
shows a maximum underreach of 9 km, i.e. just below 4% when the amount of 
power imported at the relaying end corresponds to a load angle ( 6 = -30°).
The significantly distorted nature of the wave forms in case of pure phase 
faults results in an increase in measurement delay. Fig (9.16.b) shoŵ s 
the relay characteristics for solid a-E and b-c faults at maximum 'V̂ ' and 
’V ^ ’ respectively. The characteristics are derived from the detailed studies 
of relay performance under a-E fault as previously described and for pure 
































































1—t P  
3  to 
03 -H  X  
Ph Q
I Î
X  o3 
oj P  (D 
P O E
<D P h ' H















. 5 bCp Po3 •H5-t P(U O
P , <D
O P
03 (D gJZ PLO P
Ol P P
O rHo <DrH W) Pp03 •H PH nd OP Po Pp P
p Pp Ep o
p Ü








































































































































































































































































::o LO P p0 0 













ë ë t s i'd
LO LO c/jPCto CM
I I I
P p K








Fig (9.17) shows the relay response for a mid-point, solid 'b-c' fault 
which occurs at maximum The Fig. clearly shows the considerably
distorted relaying signals (Fig 9.17.a) which would in turn result in a 
larger relay operating time (Fig 9.17.b). The comparison of Fig (9.17) 
with the corresponding a-E case of Fig (9.11) reveals that for b-c fault, 
relay operating time is about 26.0 ms compared to 20.5 ms in case of 
a-E fault.
Relaying signals for 'b-c' faults at zero voltage were found to be 
relatively more distorted than that for the corresponding a-E faults.
This, however, did not show any significant increase in relay operating 
time (typically, 12.3 and 12.6 ms for the a-E and the b-c relays under 
the same fault conditions).
The detailed studies showing the 'b-c' relay response are summarised 
in Table (9.5.c).
Under prefault loading conditions ( 6  = ± 30°), relay reach was found to be 
246 and 232 km respectively for solid b-c faults that occur at maximum 
'V^^' under the same fault conditions as that of Table (9.5.c). The 
performance of other pure-phase fault relays has also been considered.
For example, the reach of the 'a-b' and 'c-a' relays was found to be 238 
and 244 km respectively for 'a-b' and 'c-a' solid faults under exactly
the same fault conditions as that of Table (9.5.c).
From the results presented in this Chapter, so far, it is clearly shown 
that generally, relays protecting shunt compersated systems operate 
faster than those protecting uncompensated systems and the reach of the 
former is more than that of the latter. This conclusion can be easily 
derived by a direct comparison of the corresponding results presented in 
sections (9.2.1) and (9.2.2). However it has been reported^^^^ that
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using a 3-legged reactor arrangement tends to cause an under-reach of 6 %
for phase-phase faults and 8 % for phase-earth faults. To compare the
(951results presented in this Chapter to that given by Fielding'' ^ etal, 
the following differences between the systems simulated and simulation 
techniques have to be taken into account:
1 - The line model is not discretely transposed.
2 - The line parameters are not distributed in nature and they did not
take the frequency variance of the parameters into account.
3 - A 3-legged reactor scheme has been used.
4 - The sources are not wholly realistic.
5 - Relay performances have been examined only when exporting power at the
relaying-end, i.e. the effect of prefault loading is not clearly 
established.
6 - An ideal V.T. was used.
In spite of the differences mentioned above, it is shown in Appendix (A7) 
that, similar to the 4-reactor compensated systems, the tendency of relays 
applied to 3-reactor conpensated systems should be to overreach.
The 3-reactor scheme was digitally simulated with the single-section feeder
system considered and the relay performance has been examined. The results 
obtained are summarised in Table (9.6 .a). The Table shows that the reach 
of the ’a-E' relay is generally in complete agreement with that obtained 
with 4-reactor compensated systems, i.e., the relay tends to over-reach, 
the amount of overreach being very insignificent (about 1 %).
The effect of shunt compensation on the performance of relays applied to 
4-reactor compensated systems is shown in Fig (9.18.a,b). Fault conditions 
are similar to that of Table (9.4). The overreach and the fast operation 












5 35 35 242 85.0
1 0 35 35 242 100.5
5 5 35 240 105.0
1 0 5 35 241 -
5 35 5 242 95.0
1 0 35 5 242 -
Table 9.6.a
Performance of a block 
average comparator ’a-E' 
relay applied to a 3 -legged 
reactor compensated single­
section feeder 500 kV system* 
a-E fault.
Qg = = 1 0 0 . 0
^ssc/^ssi " ^RSO^^RSl "
R<
%
=  0.0 
= 0.75 
=
SSCL (CVA) 35 5 35



















V = 0 a
Fault at
V = max a
Fault at
V = 0 a
0 0 235 235 235 235 235 235
0.5 0 . 2 1 240 240 240 240 240 240
0.75 0 . 6 242 243 242 242 242 243
1 . 0 1 . 0 244-45 245 243-44 244 244 245
1.25 1.4 247 247 245 246 246-47 247
Table 9.6.b
Effect of degrees of shunt compensation on the performance 
of a block-average comparator relay applied to 4 -reactor 
shunt compensated single-section feeder 500 W  system.
- Fault conditions are similar to that of Table (9.6 .a).
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Equation (A7-1) shows that as the PPS degree of shunt compensation (ĥ ) 
increases, decreases and hence the impedance seen by the relay 
decreases. Therefore it is to be expected that relay reach increases with 
the PPS degree of shunt compensation (h^). This finding is confirmed by 
the computational results summerised in Table (9 .6 .b) and Fig (9.19).
9.3 Performance of Relays applied to 3-section Feeder Systems
In this section, the performance of block average comparator relays applied 
to uncompensated and 4-reactor compensated 3-section feeder systems is 
obtained. Only relays at the sending-end of the middle-line-section are 
considered.
The results presented in section (9.2) have given a clear indication of the 
trend of different relays applied to uncompensated and 4-reactor compensated 
single-section feeder systems, under different fault conditions. Therefore, 
it would not be practical to present all the results of the detailed studies 
of the performance of relays on 3-section feeder systans and the presentation 
of some examples showing relay trends would be justified.
9.3.1 Response of Relays on Uncompensated Systems
Figs (9.20) and (9.21) show relay responses for solid a-E close-up and mid­
point faults respectively. The faults occur at maximum 'V̂ ' and source 
capacities are 35 GVA at each end. It can be generally said that for faults 
at maximum ’V^’, relay operating times are much more in case of 3-section 
systems particularly for faults adjacent to relay location. This may by 
observed from Figs (9.20), (9.21) and the corresponding cases of single­
section feeder systems. Figs (9.1), (9.3) respectively.
In the former cases, relay operating times are 18.7 and 29.1 ms compared to
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11.7 and 14.6 ms in the latter cases respectively. The reason for the 
delay in 3-section feeder relay operation can be explained to be due 
to the relatively high levels of travelling wave distortion (in the 
relaying point wave forms) caused by successive propagation (from the 
point of fault up and down the 3-sections) and reflection (at source 
discontinuities) of travelling wave components.
For faults at zero voltage, there is little difference between the
responses in the alternative system configurations. This can be seen
from Fig (9.22) for a mid-point a-E fault. Other fault conditions
are similar to that of Fig (9.21). The Fig. shows an operating time
of about 13.4 ms compared to 12.5 ms in case of single-section feeder
system. Fig (9.4). In fact, it was found that relay response for zero
voltage faults differs little from that of relays applied to much
(571shorter uncompensated lines.^ ^
As far as relay measurement accuracy is concerned, it was found that 
relay reach is about 239 and 241 km for maximum and zero voltage faults 
respectively. This might be considered a better accuracy compared to 
the 5 km underreach for the corresponding single-section feeder cases 
of Table (9.1). The performance of other earth-fault relays was found 
to be nearly the same as that of phase-a and the pure phase-fault relays 
behaved in a similar manner as that of phase-a, i.e., its performance 
has deteriorated in a 3-section feeder system compared to that in a single 
section feeder system.
The detailed study of the performance of phase-a relay in 3-section 





Relay operating time (ns)
Faults at V = max a
Relay operating time (ms) 









0 18.7 17.4 1 2 . 0 1 1 . 6
40 17.2 16.7 1 2 . 1 1 1 . 1
80 16.3 13.5 10.9 9.9
1 2 0 20.9 19.7 11.9 10.9
142.5 28.9 - - -
150 29.1 23.5 13.4 1 1 . 8
190 - 28.6 - -
2 0 0 - 32.0 23.5 2 0 . 6
2 1 0 - - 25.1 22.4
2 2 0 - - - 26.9
225 50.75 50.25 37.25 35.25
230 54.25 53.25 39.25 36.75
235 64.25 63.25 57.25 38.75
236 - - - -
237 83.25 63.5 58.25 38.80
238 - - - -
239 113.75 73.25 59.25 38.85
240 No trip 73.5 79.2 -
241 tt 74.5 98.0 38.9
242 tt 84.75 No trip -
243 tt 94.5 tt 39.80
244 tt 94.6 tt -
245 . tt No trip tt 98.25
246 ft tt tt 99.25
247 tt tt tt No trip
Table (9.7.a)
Operating time of block average comparator 'phase-a' relay applied to the 
500 kv, 3-section feeder 4-reactor compensated system studied.
= [0° , S.S.C.L. = R.S.C.L. = 35 GVA





.75 , hn .60
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9.3.2 Response of Relays on 4-Reactor Compensated Systems
Figs (9.23), (9.24) show relay responses for close-up and mid-point 
solid a-E faults respectively. The faults occur at maximum and 
source capacities are 35 GVA at each end. The primary wave forms from 
which the signals of Fig (9.24.a) are derived are shown in Figs (6.19).
The detailed performance of the phase-a relay is shown in Table (9.7.a)
A comparison of Tables (9.4) and (9.7.a) reveals that relay operation 
is considerably delayed in case of 3-section feeder compared to single­
section feeder particularly for faults adjacent to the relaying point.
This feature can also be observed from Figs (9.23), (9.24), which show 
relay operating times of 17.4 and 23.5 ms compared to 10.7 and 14.1 ms 
for the corresponding cases in single-section feeder (see Table 9.4).
The conclusion to be drawn from this comparison is that relays applied 
to 3-section feeder systems are about 7.9 ms slower in operation than 
those applied to single-section feeder systems for a-E faults at 
maximum voltage.
Fig (9.25) shows relay response for an a-E mid-point fault at zero 
voltage under fault conditions similar to that of Fig (9.24). Obviously, 
the response is not very much different from that in case of single-section 
feeder system (Table 9.4). Both relay reach and operating time are 
insignificantly affected due to the nearly travelling wave free primary 
wave forms (see Table 9.7.a).
The effect of low source capacity at the relaying-end on relay 
performance is shown in Fig (9.26) for a solid a-E mid-point fault at 
maximum voltage. Source capacities are 5,35 GVA at the sending and 
receiving-ends respectively. Other fault conditions are similar to that
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of Fig (9.24). The primary wave forms from which the signals of Fig 
(9.26.a) are derived are shown in Fig (6.21).
As expected, due to the low source capacity at the relaying-end, 
travelling-wave distortion is further increased and hence relay performance 
is further deteriorated. Relay operating time reaches about 30.3 ms 
compared to 23.5 ms with 35 GVA source capacity at each end. The detailed 
relay response with source capacities of 5,35 GVA is summarised in Table 
(9.7.b).
The reach of the ’phase-a’ relay was examined under prefault loading 
conditions. Exporting power corresponding to (6 = 30°) at the sending- 
end, resulted in overreach of about 30 km, i.e., about 12% while importing 
the same amount of power at the same end produced under reach of about 
9 km, i.e. about 3.7%. Fault conditions in the two cases are similar 
to that of Table (9.7.b).
The realistic loading of the 300 km line-section considered corresponds 
to a load angle 6 = 12° and the relay reach when exporting this power at 
the sending-end, under the above fault conditions was found to be about 
257 km, i.e. an overreach of about 7.1%.
Relay response for a close-up, solid b-c fault at maximum is shown
in Fig (9.27). Source capacities are 5,35 GVA at the sending and 
receiving-ends respectively and other fault conditions are similar to 
that of Fig (6.24) from which the relaying signals are derived. The 
detailed relay response is shown in Table (9.7.b).
Fault detection time reaches about 18.9 ms and 40.0 ms for a close-up 
and a mid-point fault compared to 11.5 and 24.1 ms for the corresponding 
b-c faults in single-section feeder systems (Table 8.5.c).
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lypG of fault a-E b-c
Distance of 
Fault X (km)
Relay operating time 
(ms)
















243 No trip It
Table (9.7.b)
Performance of block-average comparator relays applied to 500 
kV 3-section feeder 4-reactor compensated systems.
'R 100-0, ^Rgg/^R^ = 1.0
S S C L  = 5 GVA 




Exporting power corresponding to 6 = 30° at the sending-end showed 
that the b-c-relay reach is about 245 km, i.e. 2% overreach , while 
importing the same power at the same end produced relay reach of about 
230 km, i.e. about 4% underreach (fault conditions are similar to that 
of Fig (9.27)).
Fig (9.28) shows the operating characteristics of both the 'b-c' and the 
'a'-relays under the worst conditions from the point of view of travelling 
wave distortion. The Fig. clearly indicates the relative deterioration 
in relay performance for the two types of faults applied to 3-section 
feeder systems.
9.4 Response of Relays applied to a practical 4-reactor Compensated 
System
In this section a practical 3-section, double-end fed, 4-reactor compensated 
system analogous to that given in reference (34) is examined. The 3-line 
sections are of the horizontal configuration described in Chapter (5) of 
this thesis and are regularly transposed through three equal subsections 
using the transposition scheme developed in Chapter (3). Each line-section 
is compensated using the 4-legged reactor scheme described in Chapter (2). 
The lengths of the 3-line sections are 250, 100 and 200 km from the 
sending-end to the receiving-end respectively. No local generation at 
the intermediate points was assumed and the parameters of sources at the 
remote ends are as follows:
sending-end source capacity (S.Sr.L) = 1.5 GVA 
Receiving-end source capacity (R.S.CL) = 5 GVA
^SSc/^SSl " ^RSO^^RSl "
Qg ~Qr “ 30.0
where Q̂ , Qp̂  = quality factors of sending-end and receiving-end sources 
respectively.
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According to the configuration of the three line sections considered, a 
realistic loading has been found to correspond to a load angle of 2°/50km 
with the voltage along the line maintained constant. Therefore the 
realistic prefault loadings of the respective 3-line sections correspond 
to load angles of 10°, 4°, and 8° respectively. Only shunt compensated 
systems have been examined under the above prefault loadings.
The block-average comparator relays used throughout this section have the 
same characteristics as that used in sections (2) and (3) of this chapter 
from which it follows that the boundary of operation of each couple of 
relays protecting the 3-respective line sections is 200,80 and 160 km 
respectively. Only solid a-E and b-c faults have been considered to occur 
on any of the 3-line sections and the performance of the relays under 
consideration has been examined.
9.4.1 a-E Faults
Fig (9.29) shows the relaying signals and integrator outputs of the relays 
protecting the middle line-section when a solid close-up a-E fault occurs 
at maximum ’V^’ on this section. The performance of the sending-end 
relay is shoAvn in Fig (9.29. a) from which it is obvious that the pure voltage 
derived signal contains a relatively low level of high frequency 
distortion. This is due to the fact that voltage wave fronts are attenuated 
over the long transmission distances involved. On the other hand the 
primary current wave forms which occur following faults on long lines are 
often subject to more rapid change than are observed for very short lines. 
(53,57) This feature hase also been observed from the primary wave forms 
presented in Chapters (6), (7). In this respect, it has to be noted that 
transformer-reactor arrangements have an output voltage which, to a first 
approximation, is proportional to the rate of change of input current, and 
it follows that in long lines a significantly higher level of high frequency
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distortion is often associated with signal as seen in Fig (9.29.a).
The Fig. shows that due to the distortion of a time delay, about (8 ms) 
is taken before a real build up towards tripping occurs. It is also shown 
that relay operating time is as long as 25.5 ms. Fig (9.29.b) shows that 
the two input signals to the receiving-end relay are almost anti-coincident 
due to the fact that the fault is 20 km out of its reach and hence, as 
required, a complete restraint, as seen from the integrator output, occurs.
As the fault point becomes distant from the relaying point, travelling waves 
become more pronounced and both signals become more distorted as may be seen 
for a solid-mid-point a-E fault, from Fig (9.30). Other fault conditions 
are analogous to that of Fig (9.29). A more delay in the operation of the 
S.E relay is expected where relay operating time reaches about 36.8 ms as 
shown in Fig (9.30.a).
The corresponding wave forms for the R.E relay are shown in Fig (9.30.b) 
where a relay operating time of 28.0 ms can be observed. The relatively 
higher receiving-end source capacity (5 GVA) results in less travelling 
wave reflection and hence the R.E relay takes shorter time (28 ms) to 
operate for a mid-point fault in the middle-1ine-section. Fig (9.31) 
shows the corresponding wave forms for an ’a-E’ fault at the far end of the 
middle section. The Fig. shows that a complete restraint for the S.E relay 
occurs, Fig (9.31.a), and the operating time is about 18.0 ms for the R.E 
relay. Again it is obvious that due to the relatively higher source 
capicity at the receiving-end, the R.E relay takes much lower time (18 ms) 
to operate for a close-up fault, than that taken by the S.E relay (25.5 ms). 
The detailed performance of the two relays protecting the middle line-section 
is shown in Table (9.8).
Fig (9.32) shows the relaying signals and integrator outputs for a mid-point 
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fault occurs at zero a-E voltage. The Fig shows that relays signals are 
less noisy and the offset nature of primary currents has been filtered by 
the transactor circuits. Due to the nearly zero travelling wave distortion, 
the two relays take nearly the same time (23.2, 23.92 ms for S.E and R.E 
relays respectively) to operate.
Figs (9.33), (9.34) show the relaying signals and comparator outputs for 
solid a-E faults at a distance of 50 km from the relaying points of the 
first line section respectively. Faults occur at maximum ’V^ ' and other 
fault conditions are similar to that mentioned above. Due to the relatively 
longer distances involved (compared to faults in the middle-section), 
travelling wave components are more attenuated and hence a better performance 
of the relays protecting that section is expected. The fault is detected by 
the S.E relay after about 22.0 ms (Fig 9.33.a) compared to 36.8 ms taken by 
the S.E relay to detect a similar fault in the middle section (Fig 9.30.a).
It may appear from the signals of the R.E relay of (Fig 9.33.b) that no 
tripping will occur. However, from the experience gained from the studies 
presented earlier, if the observation time is extended to say 128 ms, a build 
up towards tripping will be observed. This prediction may be justified by 
the S.E relay response of Fig (9.34.a). However, due to the complexity of the 
R.E source when a fault occurs at 50 km from the S.E of the first line-section, 
it would take longer time for the R.E relay to operate (Fig 9.33.b).
Fig (9.34.a) shows that sending-end relay operates after about 60 ms and the 
response of the R.E relay of Fig (9.34.b) shows that it nearly behaves in the
same way as the S.E relay of Fig (9.33.a). The fault is detected after the
same time 22.0 ms.
The response of relays protecting the first line section for faults at zero
a-E voltage has been found to be similar to that of the middle line. For
example, a close-up fault is detected after about 20.24 ms by the S.E
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relay while a complete restraint of the R.E relay occurs.
Also, a-E faults under the above fault conditions have been assumed to occur 
in the third line-section and the performance of the relays showed a 
tendency to behave in the same way as that protecting the first line-section. 
For example, a solid a-E close-up fault has been detected after about 27.38 ms 
by the S.E relay and a complete restraint of the R.E relay has occured.
9.4.2 b-c Faults
It is now well recognised that the primary wave foims for pure phase-faults 
are, in general, significantly more distorted in nature (Chapters (6), (7)) 
and hence the input signals to the pure phase-fault-relays will result in 
an increase in measurement delay.
Consider first, a pure ’b-c' solid fault on the middle-section of the system 
examined.
Figs (9.35-9.37) show solid ’b-c’ faults near the S.E busbar, at the mid-point 
and near the R.E busbar of the middle line-section respectively. The faults 
occur at maximum ’V^^’ and other fault conditions are similar to that for 
a-E faults. Figs (9.35.a) clearly show a considerable delay in the 
operation of the ’b-c’ relay which is about 32.24 ms compared to 23.76 ms 
in case of ’a-E’ fault relay. Fig (9.35.b) shows that almost complete 
anticoincidence of the input signals to the R.E relay exists and hence a 
restraint of that relay should be expected. Fig (9.36.a) shows that both 
relays will operate after nearly the same time, 43.76 and 45.0 ms for the 
S.E and R.E relays respectively. Again, for the corresponding earth 
faults, the delay experienced by the ’b-c’ relays is considerable.
Fig (9.37.a) shows that the response of the S.E relay is nearly the same as
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that of the R.E relay of Pig (9.35.b) where its complete restraint is 
obvious. On the other hand, the response of the R.E relay of Fig (9.37.b) 
seems to be even better than that of the S.E relay of Fig (9.35.a). Fault 
detection time is about 22.96 ms as seen from Fig (9.37.b), and this faster 
operation of the R.E relay could be due to the relatively simple R.E source 
when a fault at the R.E busbar of the middle line section occurs.
Fig (9.38) shows the response of the two relays for a solid 'b-c', mid-point 
fault when the voltage between the faulted phases is zero. Other fault 
conditions are the same as that of Fig (9.36). The Fig. clearly shows that 
the input signals to the two relays are less noisy and due to the nearly zero 
travelling wave distortion, the two relays seem to operate at the same time 
(19.76 ms).
Figs (9.39), (9.40) show the response of the S.E and R.E relays when a solid 
'b-c' fault occurs at equal distances from the relay locations (in the first 
section) respectively. Other fault conditions are similar to that of Figs 
(9.36).
A comparison of Fig (9.39.a) with Fig (9.33.a) reveals that the distortion 
of the input signals to the 'b-c' relay persists for longer time than the 
case with the phase-a relay. However, the operating time in the former case 
(32.8 ms) is not significantly higher than that in the latter (32.0 ms). 
Again, due to the relatively longer travelling distances involved (compared 
to 'b-c' faults in the middle section) travelling wave components are more 
attenuated for faults on the first section as may be seen from Table (9.8). 
Fig (9.39.b) shows that the R.E relay takes a very long time, about 69.0 ms 
to operate for the 'b-c' fault at its boundary.
The behaviour of the S.E and R.E relays of Fig (9.40) is nearly the same as 
that of the R.E and S.E relays of Fig (9.39) respectively. For a fault 50 km
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away from the R.E relay, the fault is detected after about 30.0 ms Hg  (9.40.b) 
compared to 32.8 ms taken by the S.E relay for a fault 50 km away from it.
Also the same fault is detected by the S.E relay after about 65.2 ms Fig (9.40.a)
which corresponds to about 68.8 ms taken by the R.E relay to detect the same 
fault, 50 km away from the S.E of the first line section. Table (9.8) obviously 
shows that the performance of ’phase-a' relay is much better than that of the 
'b-c' relays from the point of view of speed of operation.
Figs (9.41), (9.42) show the input signals and comparator outputs for the cases 
corresponding to Figs (9.39), (9.40) but for faults at zero 'V^^'. The better 
performance of the relays in both cases compared to maximum faults is
obvious and it is shown that the S.E and R.E relays operate after 17.52 ms
respectively to detect a fault 50 km away from their respective relay locations.
Although, a detailed study to examine the measurenent accuracy of different 
relays has not been carried out, the results presented here in this section 
inay show that the reach of the relays can not be that different from that 
examined in sections 9.2 and 9.3 above.
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Relay response for an 'a-E' close- 
up fault on the single-section 
feeder system examined.
- Vg/V^ = [0°, FT = 5 ms
- S.S.C.L. = R.S.C.L. = 35 GVA.








Relay response for an 'a-E' close-up 
fault on the single-section feeder 
system examined.
- FT = 10.0 ms
- Other fault conditions are similar 
to that of Fig (9.1).
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Relay response for an 'a-E' mid-point 
fault on the single-section feeder 
system examined.
- Fault conditions are similar to 
that of Fig 9.1.











Relay response for an 'a-E' mid-point 
fault on the single-section feeder 
system examined.
- Fault conditions are similar to that 
of Fig 9.2.
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Fig 9.5
Relay response for an 'a-E' mid­
point fault on the single-section 
feeder system examined.
- S.S.C.L. = 5 GVA, R.S.C.L. = 35 GVA.
- Other fault conditions are similar 
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Fig 9.6
Relay response for an 'a-E' mid-point 
fault on the single-section feeder 
system examined.
- Vg/V^ = ]30° , FT = 4.17 ms.
- Other fault conditions are similar 
to that of Fig 9.3.














( a ) ( a )




4 12 16 20 24 2S 32 36 40(b) roircHS)
Fig 9.7
Relay response for a 'b-c' mid-point 
fault on the single-section feeder 
system examined.
- Vg/Vj^ = jO° , FT = 10 ms.
- Other fault conditions are similar 










Relay response for a *b-c' mid-point 
fault on the single-section feeder 
system examined.
- FT = 5 ms.
- Other fault conditions are similar 
to that of Fig 9.7.
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Relay response for an 'a-E* mid-point 
fault on the single-section feeder 
system examined.
- hj = 0.75, hg = 0.6.
- Other fault conditions are similar 







Relay response for an 'a-E' mid­
point fault on the single-section 
feeder system examined.
- h^ = 0.75 , hg = 0.6.
- Other fault conditions are similar 
to that of Fig 9.5.






















Relay response for 'b-E’ mid-point 
fault on the single-section feeder 
system examined.
- FT = 11.67 ms.
- Other fault conditions are similar 





Relay response for a ’c-E' mid-point 
fault on the single-section feeder 
system examined.
- FT ~ 18.33 ms.
- Other fault conditions are similar 




5.5.C.L. - R.S.C.L. - 35 GVA
5.5.C.L.-5,R.S.C.L. • 35 GVA, 
-'a-E* fault at • max.
- hj - 0.75, ly, ■ 0.6.
- Fault conditions art at 
shmai in tabla 9.4.
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100 Fault at V 
Fault at V
GVA
Fault condition* arc as 
sbowi in table 9.4.
Fi| 9.14
Operating characteristics of block-average 
OBgarator relays applied to the 500 KV, 
4-reactor cogtensated single-section 
feeder systca examined, 
a - Effect of source capacities, 
b - Effect of fault inception tisM.
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•b-c' fault (at • aaz).
•a-F* fault (at - aax).
- S.S.C.L.-S, R.S.C.L.-3S CVA 
• Fault conditions are as sbMt 
in tables 9.4, 9.S.C.
Fig 9.16
Operatiag characteristics of block- 
average calibrator relays applied to 
the son KV, 4-reactor coa%>ensated 
siffle-section feeder system exmined. 
a - Effect of prefault loading 
b - Effect of type of fault.
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Relay response for an 'a-E' mid-point 
fault on the single-section feeder 
systen examined.
- Vg/V% = |æ° , = 0.75, hp = 0.6.
- FT = 4.17 ms.
- Other fault conditions are similar 
to that of Fig 9.5.
(b)
Fig 9.17
Relay response for a mid-point 'b-c' 
fault on the single-section feeder 
system examined.
- h^ = 0.75, Jiq = 0.6
- Other fault conditions are similar 
to that of Fig 9.7.
'a-E' fault at V • max, 
Fault canditians*ar« at 
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hj » 0.75, fy, • 0.6.
- 'a-F' fault at • max.
■ Fault conditions are as shoiei 
in table 9.4.
Fi* 9.18
Effect of shiait corientation on the 
operating characteristics of relays 
applied to the 500 KV, single section 
feeder systoi exaaiined. 
a - S.S.C.L. • S, R.S.C.L. • 35 CVA 
b - S.S.C.L. - R.S.C.L. - 35 GVA.








c.ipacitics • 35,3S a  
cap.-tcitie5 • 5,35 fA 






0.2 O .é O.t 1.0 1.4 1.6 i.a
(•)
 Source capacities • 35,35 fÂ A.
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Fi, 9.19
Effect of degrees of shunt co»,>ensation 
h,) on the measurement accuracy of block- 
average ccmparator relays applied to the 
single-section feeder system examined, 
a - Faults at - max.
Faults at • 0.
Fault conditions are as shoMi In 
table 9.6.a.
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Relay response for an 'a-E’ close-up 
fault on the middle section of the 3- 
section feeder system examined.
- Fault conditions are similar to that 
of Fig 9.1.












Relay response for an 'a-E' mid-point 
fault on the middle section of the 
3-section feeder system examined.


























Relay response for an ’a-E' mid-point 
fault on the middle section of the 3- 
section feeder system examined.
- Fault conditions are similar to that 
of Fig 9.4.








Relay response for a close-up 'a-E' 
fault on the middle section of the 
3-section feeder system examined.
- h^ = 0.75 , h^ = 0.6.
- Other fault conditions are similar 



















Relay response for a mid-point ’a-E' 
fault on the middle section of the 
3-section feeder system examined.
- Fault conditions are similar to 







Relay response for a mid-point ’a-E’ 
fault on the middle section of the 
3-section feeder system examined.
- FT = 10 ms.
- Other fault conditions are similar 



























Relay response for a mid-point 'a-E' 
fault on the middle section of the 
3-section feeder system examined.
- Fault conditions are similar to 
that of Pig 9.11.
(b)
Fig 9.27
Relay response for a close-up 'b-c' 
fault on the middle section of the 
3-section feeder system examined.
- Fault conditions are similar to 
that of Fig 9.17.
5-*«:tion feeder systca. 
1-secticn feeder system.
- Fault conditions are as 














3-section feeder system. 
1-section feeder system.







Operating characteristics of block-average 
cowfarator relays applied to the 4-reactor 
coagiensated systems examined, 
a - b-c' faults (at • max).
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CHAPTER 10 CONCLUSIONS AND FUTURE WORK
10.1 Conclusions
In power transmission systems employing single-pole autoreclosure, 
4-reactor schemes are usually adopted for reactive power 
compensation and fault-arc suppression. In this thesis, therefore, a 
thorough investigation of 4-reactor compensated systems under unbalanced 
fault-transient conditions has been carried out.
Using the simulation methods developed in this thesis, a realistic 
prediction of the system post-fault behaviour can be achieved. Such 
prediction is extremely important in ascertaining the performance of 
protective schemes and as a development aid in any case where they 
prove inadequate. They are also important for determining economical 
system and reactor insulation levels.
Mathematical models for incorporating 4-reactor compensators into 
single section feeder systems under fault-transient conditions are 
developed in Chapter (2). The high frequency dependence of line 
p a r a m e t e r s a s  influencing system transient behaviour is taken 
into account. Evaluation of these parameters over a wide range of 
frequencies is described in Appendix (Al).
Using matrix function theory, the methods developed in Chapter (2) 
are based on the theory of natural modes as developed for 
application to multi-conductor lines, as outlined in Appendix (A2). 
Faults are simulated by a s u d d e n l y a p p l i e d  voltage of 
appropriate magnitude and polarity, at the point of fault. Applying 
the principle of superposition, the overall system response is 
obtained in frequency domain and the time variation of the voltages
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and currents of interest is obtained using the inverse Fourier 
transform. Simulation of different types of unsymmetrical shunt faults 
is considered in Appendix (A3).
Also in Chapter (2), a brief review of existing shunt-compensation 
schemes together with possible reactor arrangements used in EHV 
systems for the purpose of reactive power compensation and secondary 
arc extinction are described. The 4-reactor scheme, used throughout 
the present investigation, is considered in detail.
A very generalised simulation methods for studying multi-section feeder 
systems are developed in Chapter (3). The methods efficiently enable 
considering systems of any number of feeders where different types of faults 
can be initiated and system response at any point of interest obtained.
In addition, a very general and accurate transposition scheme, suitable 
for frequency-domain digital techniques is developed. In the same Chapter, 
analysis of the main source network models (based on arbitrarily defined 
short-circuit levels at the terminating busbars) is presented.
The methods developed for dealing with reactor saturation are described 
in Chapter (4). Being very general, the methods enable the evaluation 
of superimposed voltage and current components due to saturation and 
hence the overall system response at the point of interest. Saturation 
of any of the 4-reactor limbs can be simulated.
In Chapter (5) parameters of systems studied are described. These include 
line and main source parameters, shunt-reactor parameters, Fourier 
transform p a r a m e t e r s a n d  protective relay p a r a m e t e r s . A l s o  
transmission line charts developed for the line configuration examined 
are described.
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The simulation methods developed in Chapters (2) - (4), together with 
system parameters presented in Chapter (5) have been used to develop 
digital computer programs to study the following:
] - Effect of shunt compensation on primary system response for both 
single and 3-section feeder systems.
2 - System and reactor-limb overvoltages
3 - The probability of reactor saturation and its likely effect on:
a. Primary system response.
b. The performance of system protective relays.
4 - Effect of shunt-compensation on the performance of distance
protection applied to single and 3-section feeder systems.
The computational results presented in Chapters (6) - (9) cover in detail 
the above mentioned effects and the conclusions to be drawn are given 
here in below.
The effect of shunt compensation on primary system response is examined 
in Chapter (6). From the computational results presented in this 
Chapter, the following general conclusions may be drawn:
1 - For uncompensated systems, the results confirmed, in general, a
complete agreement with that presented by references (53,54,56).
2 - For shunt compensated systems, the results clearly showed that
shunt compensation has nearly no, but little effect on the profile 
of primary system wave forms. The only difference observed is 
naturally the reduction of the prefault and post-fault steady-state 
current components with the increase of the PPS degree of shunt 
compensation (h^).
3 - The primary iv’ave forms of both single and 3-section feeder systems
are influenced in the same way by the following factors:
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a - Fault position 
b - Fault inception time
c - Source parameters; particularly their capacities 
d - Prefault loading 
e - Type of fault 
f - Degrees of shunt compensation
The influence of factors (a-f) above is, again, in excellent agreement 
with the reported results for uncompensated systems. (53,54,56)
4 - under the same fault conditions, the wave forms associated with
the fault on 3-section feeder systems are very considerably more distorted 
than is the case for the single-section arrangement. This finding is 
mainly due to the fact that, for faults on 3-feeder systems, travelling 
waves successively propagate through different line sections towards the 
terminating networks and are partially reflected fran source discontinuities 
back to the fault point producing relatively high levels of travelling-wave 
distortion. Compared to single-feeder systems, travelling waves take 
relatively high transit time between any point of fault and source 
discontinuities and it follows that in case of 3-feeder systems, the 
apparent frequency of travelling wave components is relatively low.
Due to the fact that system damping is much higher at high frequencies, 
the relatively low frequency components take rather longer to disappear 
for faults on 3-feeder systems than is the case with single-feeder systems.
5 - Findings (1-4) above apply to system response at any desired observation 
point.
6 - Findings (1-5) above, confirm the validity and the generality of the 
simulation methods developed in Chapters (2) and (3).
System and reactor-1imbs overvoltages are digitally evaluated in Chapter (7), 
The results presented in this Chapter showed that:
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1 - In the two configurations considered, the worst case from over­
voltage point of view is single-line-to-ground mid-point faults that 
occur at maximum, prefault, faulted-phase voltage.
2 - System and reactor overvoltages are relatively low in case of single­
section feeder systems than is the case with 3-section feeder systems.
3 - The maximum system overvoltage observed is about 1.72 pu experienced 
by phase 'c’ for a solid a-E fault that occurs at the sending end busbar 
of the middle line-section of the 3-feeder system. Bearing in mind that 
fault location is at the middle of the network, this finding is in 
excellent agreement with fault induced overvoltages predicted by other 
authors. (17"22)
4 - Maximum overvoltage levels experienced by phase reactors are far 
below the spark-over rating of their arresters.
5 - Although the maximum neutral-reactor overvoltage observed is also 
below its arrester spark-over r a t i n g i t  has to be emphasised that 
special care has to be taken to protect the neutral reactor against any 
possible severe overvoltages if successful single-pole autoreclosure is 
to be acheived.
Digital evaluation of reactor saturation is presented in Chapter (8). 
The computational results presented in this Chapter showed that, in 3- 
section feeder systems only the currents and flux linkages of the 
neutral reactor at the sending-end of the middle line section, exceeded 
its saturation level Due to the offset nature of current wave
forms, the results showed that the worst case from saturation point of 
view is single line to ground faults that occur at zero voltage.
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The effect of neutral reactor saturation on system response has also 
been digitally evaluated in Chapter (8). The digital computer results 
presented in this chapter have revealed two main important findings:
1 - The effect of saturation on primary system ŵ ave forms is very 
insignificant.
2 - System protective schemes would function normally under neutral- 
reactor saturation conditions.
The response of cross-polarised mho relays utilising the well known 
block-average comparators is digitally evaluated in Chapter (9). Digital 
simulation of relay mixing circuits is described in Appendix (A5) and 
protective relay parameters for the systems considered are presented in 
Appendix (A6).
The computational results presented in Chapter (9) examine the 
performance of relays applied to uncompensated and 4-reactor shunt 
compensated single and 3-section feeder systems.
Relay performance in teims of measurement accuracy and speed of operation 
under different fault conditions is described.
In general, the results showed that, for the relays protecting shunt 
compensated systems, there is always a tende.ncy to overreach while that 
used with uncompensated systems tend to underreach. For example, with 
zero prefault loading of the single-section feeder, the maximum amounts 
of underreach and overreach were found to be about 2.1% and 1.0% 
respectively. Exporting power at the relaying point (6 =30°) increased
the reach in both uncompensated and compensated systans, to reach, about 
5% and 8% respectively. Importing power at the same end (6=-30° ) 
however, reduced the reach by about 6.6% and 3.3% for uncompensated and
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shunt compensated systems respectively. The amounts of relay reach 
mentioned above have been observed for solid a-E faults under different 
fault conditions. For pure phase-faults, and zero prefault loading, 
relays on uncompensated and shunt compensated systems have been found 
to further underreach, the amounts of underreach being about 4% and 
1% respectively. In case of shunt compensated systems, the amount of 
overreach has been found to increase with the PPS degree of shunt 
compensation (ĥ ) ranging from 2.1% underreach to 3.3% overreach 
with zero and 1.25 PPS degrees of compensation respectively.
The results showing the response of the 'phase-a' relay on a 3-legged 
reactor compensated single section feeder system showed that, generally, 
the relay tends to overreach, a fact that has been proved mathematically 
in Appendix (A7) and which is in contrast with some published results.
As far as relay speed of operation is concerned, relays protecting shunt 
compensated systems have been found to generally operate faster than 
that used with uncompensated systems. The speed of relays used with both 
compensated and uncompensated systems have been found to be influenced 
equally in the same way by factors such as source capacities, prefault 
loading, fault instant and type of fault, and this is shoivn by the time 
contours for both systems presented in Chapter (9) of this thesis.
For faults on 3-section feeder systems, measurement accuracy of relays 
used with both uncompensated and 4-reactor compensated systems was found 
to be nearly the same as that used with single-section feeder systems. 
However, a remarkable deterioration in relays speed of operation has been 
observed, particularly for faults at maximum faulted-phase voltage. For 
example, a solid a-E close-up fault on the single-section feeder system, 
is detected 8 ms faster than the same fault on the 3-section feeder 
system.
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No significant difference between the two systems from the point of 
view of relay speed of operation has been found for faults at zero 
faulted-phase (s) voltage.
Performance of relays protecting the practical system examined in 
Chapter (9) has shown little difference from that protecting the 3- 
section feeder system examined throughout this thesis.
To conclude, it has been found, that for practical loading and compensation 
levels, both relay measurement accuracy and speed of operation are 
reasonably maintained, the total measurement error being - 8%. It can 
therefore be said that, for practical purposes, there is no significant 
deterioration in the measuring accuracy of such relays when applied to 
linear, 4-legged reactor, shunt compensated,500 kV systems.
10.2 Future Work
The work presented in this thesis may form the basis for future 
investigation of shunt and series compensated EHV and UHV transmission 
systems for the purpose of attaining economical system insulation level 
and developing the present protective schemes if they prove inadequate 
for such applications.
Future work therefore may be carried out along the following lines:
1 - The simulation techniques developed in Chapters (2) - (4), together 
with the findings presented in Chapters (6) - (9) may be used as a 
reference to other future work in the same field.
2 - In the present work, only a single-circuit 3-phase system has been 
considered. However, the fault simulation technique presented.
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particularily for shunt-compensated systems, is very general and its 
application to double-circuit systans is a future possibility.
3 - Only shunt unsymmetrical faults have been simulated in this thesis. 
Future work can therefore consider balanced and unbalanced series faults 
on shunt-compensated systems.
4 - A SLG fault may lead to faults involving more than one phase and 
hence the simulation of simultaneous faults could be considered. In this 
case, for the multi-phase faults, the prefault conditions are no longer 
steady-state but a SLG fault which has to be simulated.
5 - A time invariant fault arc resistance has been assumed throughout 
this work. However, for more realistic simulation of secondary arc on a 
4-legged reactor compensated system, the non-linear nature of the arc 
resistance has to be simulated. The present work therefore may be used as 
a basis for future studies concerning fault-arc phenomena in 4-reactor 
compensated systems.
6 - In this work, saturation of the simple 4-legged reactor arrangement 
has been considered. Future work, however, may consider the simulation 
of that phenomena associated with self-saturated r e a c t o r s . T h e  
simulation may make use of a conbination of the Fourier technique and 
Duhamel's integral.
7 - For very long EHV lines, shunt reactors and series capacitors are 
usually adopted. Series capacitors are used to neutralise part of the 
line inductance and hence the line transmission capability is improved. 
The computer programs developed in this thesis can be used as a basis 
for the simulation of series-shunt-compensated systems.
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8 - This thesis considered only one type of realistic source configuration. 
In practice, however, source complexities can be unlimited and the 
simulation of these sources can reflect a realistic picture of the 
relaying point wave forms and hence the performance of protective relays 
can be obtained under realistic fault conditions.
9 - The simulation of realistic sources, under realistic fault conditions 
can also help in predicting system overvoltages and hence system 
insulation level can be determined.
10 -Future work, based on the results presented in this thesis, may be 
directed towards the development of high performance, wider-bandwidth 
transducers. At the same time this work may be extended for the 
evaluation of system response at the secondaries of transducers in 
common use these days. However, this last aspect may require the 
simulation of transducers in frequency domain.
11 -Only fault initiation has been considered in this thesis. After 
the occurence of faults, however, circuit-breaker opening and reclosing 
take place and has to be considered in future work.
12 -If circuit-breaker opening is simulated, higher system and reactor 
overvoltages may be produced. Therefore, in such a case in order to 
determine system and reactor economical insulation levels, the overvoltage 
phenomena has to be thoroughly investigated. It may happen that due to 
severe overvoltages, protective gap flash-over may occur on the main or 
neutral reactor and the simulation of the phenomena may form an interesting 
field for future research.
13 -In predicting system and reactor overvoltages, high frequency voltage 
components up to only 4kHz were covered in the present work. In future
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work, therefore, more efficient computer programs can be developed 
(using the more advanced computers) to cover higher frequency voltage 
components and hence more accurate prediction of overvoltages is 
achieved.
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APPENDIX (Al.l) TRANSMISSION LINE PARAMETERS FOR
FAULT-TRANSIENT STUDIES
Since the recent trend in protecting EHV systans is to l i m i t r e l a y  
operating time to a 3/4 of a cycle or even less, the traditional method 
of calculating system transient using symmetricalcomponent methods 
and lumped parameter representation is no longer valid in the present work, 
This is because themethod gives the values of fault voltages and currents 
after the transient phenomena due to wave propagation have died down.
The basic line parameters are the series impedance and the shunt admittance 
which are uniformly distributed along its length. For a multi-conductor 
line, basic line parameter matrices have been f o r m u l a t e d f o r  realistic 
transient studies, and are presented in this Appendix.
Other line parameters such as surge impedance, surge admittance, and 
propagation constant matrices are derived from these basic parameters.
Al.1.1 Series Impedance Matrix
The series impedance matrix (Z), consists of three main componants:
1. The impedance due to the physical geometry of the conductors (Z^).
This component takes into account the electro-magnetic coupling 
between the conductors of a practical system.
2. The self impedance of line conductors (Ẑ )
3. The impedance which accounts for the earth return path (Ẑ )
Thus the series impedance matrix of a multi-conductor line is of the form:
Z = R^ + R^ + J (Xg + ..... Al.l
The series impedance matrix (Z) and each of its component matrices are of 
the order 3P +q where:
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P = number of circuits
q = number of earth wires.
The components of the series impedance matrix (Z) are evaluated as follows:
Al. 1.1.1 Impedance due to physical geometry
The impedance matrix due to the physical geometry of the line conductors
shown in Fig (Al.l) is of the form:
Z = JX = J ivy .B  A1.2g g ---27T
B is known as the charge-coefficient matrix and its elements are defined 
as:
B y  = logg (By / dyj  A1.3
where :
= distance between the ith conductor and the image of the jth 
conductor
d- = distance between the ith conductor and the jth conductor 
(for i ^ J)
= radius of ith conductor for (i = j)
Al.l. 1.2 The Self Impedance of the Conductors (Ẑ )
Considering a single-circuit EHV line with two earth wires, the self 
impedance matrix of the conductors is one where diagonal elements 
represent the self impedances of the phase conductors and earth wires 
and whose off-diagonal terms are zero as given by equation A1.4.
[2c ] = [2,c 2,c 2sc 2,g Z J  diag. ...
Since it is a common practice to bundle the conductors of EHV lines, the 





Zssc “ self impedance of a sub-conductor of the bundle
NSC = number of sub-conductors constituting the bundle.
The calculation of the self impedance of the conductors is complicated 
mainly due to the fact that it depends on too many factors such as 
stranding of the conductors, presence of steel core (in ACSR conductors), 
non uniform current density (due to skin effect), frequency and other 
disign features.
In practice, two equations are commonly used to evaluate the self impedance 
matrix of the conductors. One is used for the low frequency range, less 
than or equal to 500 Hz, and theother for high frequency range, greater 
than 500 Hz.
For low frequencies, (Ẑ ) can be calculated by assuming a uniform current 
distribution in the conductors, (and also the influence of stranding and 
the steel core of the conductor can be neglected) . In this case, the
elements of the matrix given by equation A1.4 are:




r = phase conductor or earth wire redius
r = phase conductors or earth wire mean rad.,which is givengm
by the cable manufacturer.




n = number of conducting strands, 
r^ = radius of each strand.
As the frequency increases, the skin effects become more and more 
important. Due to the skin effect, the current density is not uniform 
throughout the overall radius of the conductors. The self impedance of 
the conductors is very much affected by the non-uniformity of current 
distribution. The conductor resistance increases with frequency where 
its inductance decreases as the frequency increases. Fig (A1.2) shows a 
typical variation of self inductance and resistance with frequency, which 
for computational efficiency, is stored in piece wise linearised form.
The self impedance of the conductors at higher frequencies (above 2.5 kHz) 
may be calculated by the method suggested by Galloway et al as follows:
For phase conductors (the same thing applies to earth wires):
Zc = Rc - JX,
where
= K. p .m  A1.8
/z.r^CHo + 2) IT
and
m
IV y  /  p
r = radius of each outer strando
n^ = number of strands in the outer layer
K = factor accounts for conductor stranding - 2.25
In the present work, the standard conductor is substituted by a solid 
aluminium conductor of the same overall radius, and the self impedance is 
evaluated on the basis of non-uniform current density due to skin effect. 
This method is commonly used for design purposes for evaluating the self 
impedance of ACSR conductors.
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The self impedance of a solid conductor with non-uniform current distribution
u (80)IS given by^
= p . m BER mr + J BEI mr  A1.9
2tt r BEI mr -J BER mr
The terns BER and BEI are the abbreviations for ’Bessel real’ and ’Bessel 
imaginary’. The functions BER mr and BEI mr are the Bessel functions and 
BER mr and BEI mr are respectively the derivatives of these functiobs with 
respect to mr. These functions are evaluated for any argument (mr) by 
solving their infinite series expansion and sets of tables are available 
giving the values of BER and BEI for various arguments (mr)
Al.1.1.5 Impedance due to the earth-return path (Ẑ )
The contribution to the line series impedance of resistance and reactance 
R^ and X^, due to the earth-retum path, is calculated by using the infinite 
series developed by C a r s o n . C a r s o n ’s equations have been expressed 
in a form suitable for digital simulation by Galloway et al^^^^ and they 
are:
R^ = 2 P W p / 2 tt .....Al.lO
X^ = 2 Q W y /  2 TT .....Al.ll
P and Q are real and imaginary correction conponent matrices. Their
elements are calculated as a function of the elements of the matrices r
and 0 such that:
r^. = / W y .....A1.12
P
where
0 = the angle subtended the ith conductor by the image of the




al + al + q 3  A1.13
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and
Qij = 1 + log(i^)(l - S4 ) - Q.j
+ ^ 1  - ^ ^ 2  + ^ 3  - ^ 4   A1.14
for r^j > 5
p.. = cos 0.. - cos 2 0.. + cos 3 0.. + 3cos 50..11  11  11  11  11
/2 . ? fi r j  fl r j
  A1.15
and
Q.. = cos 0.. - cos 3 0.. + 3 cos 5 0..
Ü  ^  ,-i l  ......... A 1 . 1 6
n  r .. fl r j  fl r j
where, y = Fuller's constant = 1.7811
 ̂ rsiiS2 , $ 2  * , 0^ , O2 , Cg and are the infinite^  ̂ series
expressed in terms of r.. and 6...^ 11 11
It is quite clear from equations A1.12 - A1.16 that the matrices P and Q 
are functions of frequency and hence the impedance due to the earth-retum 
path given by equations Al.lO, Al.ll is frequency dependant. Carson's 
formulas for the impedance due to the earth-retum path are based on the 
assumption that the earth is homogeneous with constant resistivity and 
with unity permeability and permittivity. The earth, however, is not 
homogeneous and its resistivity varies along the depth of the earth layer.
A more rigorous and general s o l u t i o n f o r  the earth-retum impedance 
has been reported. In particular the solution permits the earth-retum path 
to be considered as three layers of different resistivities,permeabilities and 
permittivities. It is therefore important to take into account the stratified 
earth effects when calculating the impedance due to ear th-re turn path, if
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sufficient data concerning earth layers is available. In the absence of 
such data, Carson's equations may be used for design purposes.
Al.l.2 Transmission Line Shunt Admittance Matrix
On the assumption that the conductance of free space is negligable, the shunt 
admittance matrix of the transmission line contains only imaginary terms which
correspond to the capacitive coupling between the conductors and the conductors
and the earth. It is a matrix of tlie order 3P+Q, where P is the number of 
circuits and T is the number of earth wires. It is defined as:
Y = J2nW E  A1.17
where
B  ̂ is the inverse of the charge co-efficient matrix B given by equation A1.2. 
Let
C = 2ne B"^
.*. the elements of the matrix (C) define the various capacitances as follows: 
Cij = -c^j for (i f  j)
J=3P+qC.- = z c.. (for i=j)
J=1
where
c^j = capacitance between conductors i and j foi i  ^  j
c^j = capacitance between conductor i and the earth for i = j .
The effect of earth return path on line capacitance is very insignificant 
over a very wide range of frequencies (up to 1 Mc/s), and hence it was 
considered to be frequency invariant through-out the present investigation.
Elimination of Earth Wires
Since the voltages and currents in the earth wires are not important, it is 
necessary to eliminate elements in rows and coulomns corresponding to them in
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both series impedance and shunt admittance matrices. Thus the performance 
of the phase conductors, which is of interest, remains unchanged and the 
system analysis is very much simplified.
Earth wires are normally earthed at regular intervals, hence, they can be 
assumed to have zero (or near zero) potentials if standing voltages between 
towers are neglected.
Under the above assumption, earth wire elements in matrices (Z) and (Y) are 
eliminated.
In the computer programs developed throughout this work, the steps for 
formulating the basic line matrices (Z,Y) suggested by Galloway etal^^^^ 
have been followed since they are considered to be computationally efficient,
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APPENDIX (Al.2) EVALUATION OF PHASE AND NEUTRAL
REACTANCES OF THE 4-REACTER SCHEME
As previously shown in section (2.3.1) the positive and zero phase 
sequance impedances of Figs (2.1.a) and (2.1.c) can be calculated by 
applying a set of positive and zero phase sequence voltages respectively 
to the two circuits.
Therefore it follows that;




similarly for Fig (2.1.a)
A1.19
For the two circuits of Fig (2.1.a,c) to be equal, the corresponding
quantities of equation A1.18 and A1.19 should be equal.
i.e. X. + 3X X.^  A1.20.a1 n %
and Xj = (X^g . X^) / ( X ^  + 3X^g)  A1.20.b
substituting from A1.20.a into A1.20.b
h  ' (Xj + 3Xn) X^^
+ 3(Xi + 3X^)
from which
\ h  " ^1 ^̂ 1 \   A1.20.C
Therefore, the parameters of the two circuits of Fig (2.1.a,c) are 
related to each other by equations (A1.20.a) and (Al.20.c).
Now, for reactive power compensation.
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^Ll ^ ^1 ' ^cl........................................ ..... A1.21
And for total elimination of interphase capacitances,
= Bch............................................ ..... A1.22
But from equations 2.2 and 2.3
»ch = - W  / 3
and from equations A1.20 
i.e.
h h  =
X ,  ( X ,  .  3 X „ )
.’. Applying equation A1.22
(Bel - Bco) / 3 = X„ = X^
Xi (Xi * 3 y  _ 1 _  ( 1 . 3X„)
®L1
or = Bel - BcO ( -Ï-- +
3hi
or X^ (1 - -Bgp)) = B^i - Bgp
hi . B^j 3hĵ  . Bgj
" Bg2 - BgQ Bg^
(3BÏ . Bj) (h^ )
= \l - \0
3Bi Bg^ (B^^ (h^-1) + B^q)  A1.23
Equation A1.23 is not a general one and an alternative way of putting in 
a more general form is as follows:
From Fig (2.1.c) the PPS and ZPS impedances are:
X^ = XP > \ i  "  1/XP 
Xq = XP + 3X_ . = 1n '
X i  + 3X„




But for the second purpose, i.e. ground fault suppression,
®L0 " Bq • Bj-O  *^'24
. Bb = BhO = 2
Boo (h ' 2X„) Beg
i.e. 1^ . Beg (X̂  + 3X^) = 1
or h.Q . Beg.X^ + 3hp. Beg . X̂  ̂= 1
or X^ = 1 - hg Beg X^
2 Bq Beg
\  = 1 ( _ J _  - )
’’oBcg 
But from equations 2.3
Beg = Beo 
and from equation Al.21,




" Bi Bel ~ Bq -Bcq .A1.25
3 .B1 Bel ^  B^o
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Fig Al.l
Schematic diagram of conductor positions 
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Frequency,
Fig A1.2
Variation of line inductance and resistance 
with frequency.
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APPENDIX A2 SOLUTION OF TRAVELLING WAVE PHENdlENA IN 
POLYPHASE SYSTEMS.
Fig A2.1 shows conductor (1) of a practical n - conductor transmission 
line where the effect of electromagnetic and electrostatic coupling is 
shown. Consider a very small element; Ax in the line. The voltage drop 
aV^ across the element at a certain frequency is:
AVf = + ^12 2̂ * .....* Zpn V  ̂
** ^^1 " "^^11 * ^12 2̂ * .....^In V
Ax
or
dVf = + Zi2 2̂ * .....* ^
35T
For conductors 2, 3,    n the rate of change of voltages dV^ , dV^
dx dx
^ n  are similarly evaluated so that:
^  = -(Zii + Zl2 2̂ * ̂13 3̂ *..  În V
dx
^2 " "̂ 2̂1 ̂1 * 2̂2 2̂ * 2̂3 3̂ *   2̂n V
dx
^̂ 3 " "̂ 3̂1 ̂1 * 3̂2 2̂ * 3̂3 3̂ *   3̂n V
dx
^  + %n2 2̂ * ^n3 ^3 * .... ^nn V
dx
or in matrix form
f f i ]  - - [ z  ] [ ' 1   AZ.l
L dx f
Going back to Fig (A2.1), and apply the same thing to currents. The 
difference in the current between the ends of the element Ax of conductor 











+ A l z i  + AI 31 + AIni
-(V^ + AV^) Y^^.Ax - -V^ Y^^.Ax
-(V^ - V^) Yj2
-CVi - V3) Y^3 AX
AIni -Vi (Y^^ Ax + Y^2 Ax + Y^2 Ax  + ..... + Y^^ Ax) + V? Y^^ Ax
+
In 2 12
AI, = -(Y^j + Y12 + ...... + Y , J  V, + Y,, V , ....  + Y,„ Y_1
Ax




-(^11 + ^ 1 2  ^ + Yln)  + ^in '̂ n
Applying the same principle to conductors 2,3, 4 .... , n, the rate of
change of currents with respect to x is given by:
”dl ' y +Yt _+... +Y., ~Yt ̂ ... -Y., ■ V..1 11 12 In 12 In 1
dx
dl.. -Y Y^n+Y^^+___+Y^ -Y^2 21 21 22 2n 2n 2
dx
"l:n ■^nl '^n2 ■••• Ynl+Yn2+ Vn
-dx - - ... +Y -nn
or in a more general form
= - [ Y I [ V  I
dx
A2.2
Differentiating equations A2.1 , A2.2 with respect to x and for simplicity
matrices (Z),(Y),(V),(I),(dV) and (dl) will be written from now onward
dx
without the matrix notation.




âîf = ■ Y . ^
dx^ dx
or
d V  = - Z Y V
dx^  A2.3
^  = - Y.Z.I
dx^
The solution of equation A2.3 is very difficult due to the fact that the 
second orders rate of change of voltage and current in each phase are a 
function of the voltages and currents in all phases. However, the solution
is obtained if the phase voltages and currents are related to the component




where the (n x n) square matrices S and Q are so that the second order 
differential equations involve diagonal matrices only. Mutual effects are 
thus eliminated, making a direct solution component for component possible.
= Coulomn vector matrix of the order (n x 1) of the n component
voltages ^c3’  ^cn respectively.
= Coulomn vector matrix of the order (n x 1) of the n component 
currents   respectively.
Substituting equation A2.4 into A2.3 we get:





d^V S’^.Z Y S V,
dx̂
To simplify the analysis, let:
where ZY
s ' ^  P s . v
dx'
,-lThe product S P S is diagonalised to become
-1 n . r _ r 2 2 2 2




Substitute in equation 4.2.3
















Solving equation A2.9 will give:
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-Y^x Y^X




Vc = v; e-'" + v; e'"  ^2.11
where:  in equations A2.9 - A2.11 are the modal voltages
which are related to the phase voltages by the square matrix S of equation 
A2.4
S = voltage eigen vector matrix.
= eigen vectors of Z.Y.
Y = eign values of Z.Y.
Now considering the solution for the currents using equations A2.3 and A2.4:
d^I = Y Z I 
dx2
I = Q ic
From equation A2.5, P = Z Y.
Since the network considered is passive ( transmission line), it can be said 
that:
Z = Zt , Y = Yt ,
and hence :
d^I = (Y* • ZJ I
dx^
= (Y Z)^ . I
or d^I = P. I  A2.12
dx2
Substituting from equation A2.4 into equation A2.3, to get the currents:
^  = Q d^I
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= Q'l d^I = Q’  ̂ Q Ig
1?
.-. d^I^ = Q'l P^ Q  A2.13
T F
where Q (of equations A2.4, A2.13) = current eigen vector matrix,
Q  ̂ Q = current eigenvalues matrix which is diagonalised to be of the
A2.14
form:
Q-^ PtQ = [  ' Ï 1 'Y3 ............ 'Yn ]  diag.
Now, for the diagonalisation of equations A2.7, A2.14 the determinats (D) and
2 ' 2 ri2'l(D) of (P - and (P^ - y^) respectively must yield to zero,^ ^
i.e. D (P - Y?) = 0
 ̂, .... A2.15
D (P^ - 'Y-) = 0
' 2  ' 2  ' 2However, P^ - Y^ = (P - Y^^^' because y ^̂ is diagonal (contains only diagonal
elements).
Where y? , ' y \  are Y p  y \  ..... ,Y^ and » ' ^ 2 ...... "^n respectively.
Then,
D (P - Y-) = D (P - Y-)t = 0 ,
and because the determinant of any matrix = the determinant of the 
transposed matrix, i.e. D (P - Yi)^ = D (P - y ^̂)
D (P - Y -  )  = D (P -  Y?)and
or = Yi
i.e. the voltage and current modal propagation coefficients are identical.
Tt is sometimes useful1 to deal in terms of the components matrix and, 
from equations A2.1, A2.4 we have:
dy = -Z I , V = S V  , I = Q 
dx
.'. S dv^ = -Z Q 
dx
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or ^  = - S"^ Z Q
dx
A2.16.a
and from equation A2.11 we have:
+ _yx - yX
V V^.e + V .e c c
where y, and are determined from equations A2.7, and A2.11 
respectively.








- Y - . X —Y 7Xe , J diag. ..... A2.16.c
equating equations A2.16 (a,b) we get:
+ -yx - yx
dV
dx
-Y e "S’Z Q I
or
+ - YX - + yx
V e - V e -1 -1 Y S Z Q I, .... A2.17.a
-1 -1The product (y S Z Q) can be chosen to be diagonal. Indeed, because
-1 -1 y is diagonal, so too is S Z Q.
• —1 —1 (2 Thus replacing y S Z Q by Z we get:
+  - Y X  -  + Y X
V e - V  e = Z  I c c c   A2.17.b
Equation A2.17.b means that modal component of currents are related only to 
the corresponding modal component of voltages.
I of equation A2.17.b is of the form: 
+ -yx - +yx
Ic = Ic c + Ic "
where
A2.18
■  Id ■ ■ I d ■ i d ' ■Zcl'
Ic Ic2
+
Ic = Ic2 Ic = IJ2 Zc = Zc2
. icn_ > icn > - »
A2.19
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The component voltages and the component currents given by equations 
A2.11 and A2.18 may be evaluated by solving for the constents of integration 
from the defined boundary conditions. Once the component voltages and 
currents are known, the corresponding phase quantities may be evaluated from 
equations A2.4.
Voltages And Currents At The Boundaries
Now consider the voltages and currents at the boundaries; From equation 
A2.17 (a,b), if only one modal component is considered, we have:
Vcl: e-Yi^ - vJi eYl% = z= ( e-Yl% + )  A2.20
Equation A2.20 must be true for all values of x, and this can only be true 
if the coefficients of the exponentials are the same.
I.e. Vcl = I d .... A2.21
-2Î I'd
.. At the sending end of the line:
X  = 0 , V = Vg
Vg = S V  = S ( )  A2.22.a
or Vg = S Zf ( 1+ - I" )
and
Ig - Q . I - Q ( + Iç ) ..... A2.22.b
At the receiving end of the line:
X  =  £  , V = V^
= S . (e-Y*' . + eY*' . V' )
IR = Q - • Ic ^ ■ Ic )
From equation A2.22.a we have:
dc - Ic) = z"'' • Vg
and from equation A2.22.b we have:
+ n) = h
A2.22.C
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C  = S'I Vg + Q'I Ig) / 2
. . 1 c-1 -1  A2.22.d
le = (Q Is ' Z S Vg) / 2
Substituting A2.22.d into A2.22.C we get:
Q'I Ijj = (Z^-I s'I Vg + Q‘I Ig) + (q 'I Ig - zf'I s'^ V^)
or
Q  ̂Iĵ = Cosh y£ Q  ̂Ig - sinh y£  ̂S  ̂Vg.
Now i£ modal quantities are used
.. -  cosh y a .Q  ̂Ig - sinh y£ Z^  ̂S  ̂Vg  A2.23
substituting A2.22.d into A2.22.C to get the receiving end voltage;
S " ^  V ^  =  e - Y *  V ^  +  v "
= e-^^ Z^ I^ - e^^ I^
_  e - Y &  7 ^  c “ ^  \T -à. t 'i _  o Y ^  7 ^  r n T ^. Z^ (Z^'l S"^ Vg + Q“  ̂Ig) - e^^ Z^ CQ“  ̂Ig - Z^'l
= (eY& + e-Y&) s"^ V^ - C e?* - e"Y*) Z^ O"^ I_
2 ^ 2 ^
S  ̂V^ = cosh Y& S  ̂Vg - sinh y£ Z^ Q  ̂Ig ....A2.24.a
Ror vS = cosh y£ S  ̂V5 - sinh y£ Z^ I^  A2.24.b
It has to be noted that V^ is sometimes written as:
V^ = S cosh y£ S"^ Vg - S sinh y£ Z^ Q’  ̂ Ig
and since both Z^ and sinh y£ are diagonal
.*. V^ = S cosh y£ S"^ Vg - S Z^ sinh y£ Q'^ Ig
= S cosh y£ S"^ Vg - S Z^ Q"^ Q sinh y£ q "^ Ig
= S cosh y£ S  ̂Vg - Zq Q sinh y£ Q  ̂ Ig
i.e.
V^ = S cosh y£ S  ̂Vg - Z^.Q sinh y£ . Q  ̂Ig  A2.25
where the polyphase surge impedance is:
Z„ = S Z‘" Q‘I
where -i -i.............................................
Z = y  S Z Q
Zq = S y'I S'I Z  A2.27
— 1 c cNow (Zq)^ = Z^ and since Z is diagonal, hence;
(Zo)t = . z = . S; A2.28.a
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It can be shown that Q^.S is diagonal:
a diagonal matrixIf Q f S = D =
q
-1= S .D




^ g-1  A2.28.b
S
A2.28.C
Substituting from A2.28.b,c into A2.28.a we get:
(Zq)^ = S.D'I . Z^ . D . Q'I
or
= S.Z^.Q"^  A2.28.d
Equation A2.28 is typically the same as that giving Zq in equation A2.26.
This means that Zq is a symmetrical matrix.
Equations A2.23 and A2.24 describe the modal current and voltage components 
at the receiving end of the line. Using these two equations, the polyphase 
network equations could be derived as follows:
From equation A2.24.b we have:
cosh y£ = sinh y i  Z^ Ig
Ig = (sinh Yd)"I . Z^'I (cosh - V^)
Ig = sinh h  Z*" I . cosh y4 - sinh h  . z'" ^
But coth y I  = cosh y i  and cosechy£ = 1
sinh y£ sinh yl
I g  = coth ySL zf'I . - cosech yl Z^'^ .    A2.29
Also Ig = Q Ig (form equation A2.4)
.*. Ig = Q Z^'l coth Y& V5 - Q Z^'l S"^ cosech y£
or Ig = Q Z^'l S"^ S coth yZ s"^ Vg - Q Z^"^ S"^ S cosech y£ S~^ V^
c — 1But equation A2.26 gives Zq as = S Z Q
- 1 c-1 -1or ZQi = Yq = Q Z^ S
Substituting in the equation of Ig above:
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Ig = Zq^ . S coth y£ S  ̂Vg - Zq^ S cosech y£ S  ̂V^ 
or Ig = Yg . S coth yZ S"^ Vg - Y^ S cosech y£ S  ̂V̂ ^ A2.30
Now, from equations A2.24 we have:
sinh  ̂y£  Z^ (cosh y£ v5 -  v5),c-l
Substituting the value of Ig in equation A2.23
.. Ig = cosh y£ sinh  ̂y£ Z^  ̂ (cosh y£ vS - v5) - sinh y£ Z^  ̂v5
I^ = Z^  ̂ (cosh^yü sinh  ̂y£ - sinh y £ ]  V^ - Z^  ̂coth yZ . V^
2 2 2 But cosh y£ - sinh yZ = cosh y£ - sinli yZ = 1
sinh y£ sinfi y£ sinh y£
substituting to get I^




or I^ = Y^ cosech y£ . V^ - Y^ . coth y£ . V^
Again from equation A2.4, Iĵ = Q I^ 
substituting in A2.31 we get:
A2.31
,-lI^ = Q Z^  ̂cosech y£ S  ̂Vg - Q Z^  ̂coth y£ S V^ 




Yq . S . cosech y£ S  ̂V^ - Y^ S coth y£ S  ̂V,











Yq S coth y£ S-1
--- f-
-1 I
I - Y^ S cosechy£ S-1 -I
,-l
'0
S coth y£ S  ̂Z
0 L v r J
0 I
-1 TS cosech y£ S Zq j
-1I -S cosechy£ S Z0




Sometimes equation A2.33 is required in terms of the modal voltages and 
currents. Using equations A2.28.d and A2.33 yield the required relation as:
Y . coth y£ c - Y^ cosech y£
= Y^ cosech y£ - Y^ . coth y£ -V^r J
A2.35
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Usually it is more adaquate to write the transmission network equations so 
that sending end quantities are related to receiving end quantities by a 
two-port transfer matrix. This can be acheived as follows :
From equations A2.29 and A2.31 and by using equation A2.28.d we can get:
S -
S cosh y£ S-1
-11
1 S sirh y£ s"^ Z
I------------- -Q.
-1.
O' '0 - Ir -
A2.36
It can be seen that equation A2.36 gives the transmission network equations in 
terms of the well known 'A B C D' constant matrices, 
where :
A = cosh (ip£)
B = sinh (i|;£).Zq
C = Yg.sinh (i/;£)





sinh (ip£) = S.sinh (y£) S
For a single-circuit, 2-conductor line, the dimention of any of the matrices 
given in equation A2.37 is (3 x 3).
In modal form, equation A2.36 becomes : 
cosh y£
I
- Z^ . sinh y£I I
---------------------------------------- T -----------------------------------------
I
Y^ sinh y£ 1 - cosh y£
' A ' A2.38
Equations A2.36, A2.38 are the basic equations used in the analythical and 
digital analysis presented in this thesis.
(Zjj + ^12 ^2  V AX
AX
7 /  ' /  /  7 /  y y / / / / / / / / / / / / / / / /  /
ni
Fig A2.1
Shunt and series coupling between the conductors 
of an n-conductor system.
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APPENDIX (A3)
FAULT SIMULATION FOR A MULTI-CONDUCTOR 3-PHASE SYSTEM
In general, faults on transmission systems may be catagorised under two 
headings; series faults and shunt faults.
Series faults may involve single-pole switching and one or more conductor 
opening. These conductors may be at one busbar or at different busbars.
They may occur either due to the breaking of the ocnductors or through the 
action of the circuit breakers and other devices which may not result in 
the opening of all the three phases simultaneously. Series faults form 
some sort of unbalance in the system impedances and does not involve either 
the earth or any interconnection between phases.
Shunt faults such as single-phase-to ground, two-phase-to-ground, phase- 
to-phase, three-phase faults with or without connection to ground, and their 
combination, again form some sort of unbalance between phases or between 
phases and ground. These faults may occur either through iinpedances or 
direct short circuits.
IVhen any of the above two types of faults, i.e. shunt faults and series 
faults, occur on a power system, they may produce balanced or unbalanced 
currents and hence they may be classified accordingly to balanced or 
unbalanced faults. However, in practice, most of the faults that occur 
on power systems are unsymmetrical shunt faults. The frequency of 
occurance of unsymmetrical faults has been shown to be 10%, 15% and 
70% for 2L-G, L-L, and SLG faults respectively. K i m b a r k , h o w e v e r ,  
has indicated that SLG faults represent more than 90% of faults that 
may occur on power systems.
Since any unsymmetrical fault causes unbalanced currents to flow in the 
system, it has been well recognised that symmetrical component method is a 
useful tool of analysis to determine system voltages and currents in all 
parts of a system after the occurance of the fault.^  ̂ It has been used
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for the steady-state analysis of unsymetrical faults and by some researchers 
for transient a n a l y s i s . T h e  practical application of this method, 
however, has been limited to balanced systems with limumped parameters. It 
may also be used for analysis of distributed parameters balanced or 
unbalanced systems but the solution in such cases may be extremely difficult.
Symmetrical 3-phase faults on 3-phase systems are usually analysed 
classically by assuming a single-phase model and the solution is extended to 
the other two-phases. The solution assumes symmetry and neglects both series 
and shunt coupling between conductors and therefore the method is not 
suitable if the line under consideration is untransposed and if an accurate 
fault analysis is required.
In this %»pendix, therefore, the method of simulating shunt unsymmetrical 
faults is presented. Only the principle of the technique used is given 
since fault simulation is considered in detail for the system studied in 
terms of the system two-port transfer matrices throughout this thesis. The 
technique described below is based on phase c o - o r d i n a t e s a n d  is readily 
applicable for both steady-state and transient sustained fault analysis.
A3.1 Basic Principle of fault Simulation technique
When a fault occurs on one of the conductors of a 3-phase circuit, voltage 
at the fault point drops and current is fed to the fault from different 
parts of the circuit. The potential difference across the fault is equal 
to the voltage drop in the fault impedance, and if the fault impedance is 
zero, then the faulted-phase voltage drops to zero at the location of the 
fault. Therefore, the behaviour of the faulted conductor can simply be 
simulated by applying a hypothetical voltage source with a series impedance 
at the instant of fault inception. The e.m.f of this hypothetical source 
at any instant of time is equal and opposite to the prefault 
voltage at the point of fault and the series impedance of the
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voltage source is equal to the fault impedance. Assuming that the 
circuit is under steady-state condition before the occurance of the fault 
the application of a fault can be better understood by considering Fig 
(A3.1). It can be seen from the Figure that two sources +V^ and are 
connected in series with the fault impedance Z^. The first hypothetical 
source (+V^) is equal in magnitude and of the same polarity as the voltage 
at the location of the fault before the fault occurs. The connection of 
this source does not change the prefault circuit conditions. Before the 
occurance of fault, switch is closed is short circuited). Under 
this condition no current flows into or out of the hypothetical brandi, 
because the voltages balance at its terminals at any instant of time.
The application of fault is acheived by opening switch (switching V^£ 
into the circuit). The fault is therefore simulated by the hypothetical 
source (V^^) in series with the fault impedance Z^. Under such condition, 
V££ balances +V£ at every instant of time so that the voltage across the 
fault is equal to the product of the fault current multiplied by the fault 
impedance.
Voltages and currents at any point of the faulted circuit are obtained by 
solving the circuit of Fig (A3.1) by the principle of superposition 
which is well recognised as a powerful tool for solving such problems.
First, V££ is short circuited by closing switch S^, voltages and currents 
at any point of the circuit are obtained as if the hypothetical branch is 
opened. These voltages and currents are the prefault steady-state values 
since the connection of (+V£) does not alter the assumed prefault steady- 
state conditions.
The second part of the solution is to obtain voltages and currents at any 
point in the circuit due to the fault, i.e. switch open. This is achieved 
by short circuiting all the sources in the circuit leaving their respective
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impedances and the required voltages and currents are obtained when +V££ 
is the only e.m.f source present in the circuit.
The overall solution is therefore the sum of the above two mentioned 
solutions. In other words, under fault conditions, voltages and currents 
at any point in the circuit are the sum of voltage and current steady-state 
components plus voltage and current components due to the fault. It has to 
be emphasised that before the fault occurs, no current flows in the 
hypothetical branch and hence the current into the fault is due only to the 
application of the e.m.f source . Voltages and currents at any point
in the circuit after the occurance of the fault are called transient 
voltages and currents respectively. They are measured from the time of fault 
inception.
An alternative solution to the faulted circuit, under balanced or unbalanced 
faults, at the point of fault,may be acheived by replacing each hypothetical 
voltage source with its series impedance by its Thevenin-Norton’s 
equivelant current source with its shunt admittance. The current source 
replacing an e.m.f source with infinite series impedance produces zero 
current and the total injected current to the line at the point of fault is 
the sum of all individual currents produced by the current sources connected 
to it.
The current source method may be advantageous over the e.m.f source method 
in case of faults involving fault impedances, otherwise the e.m.f source 
method is generally used.̂ ^̂ ^
A3.2 Simulation of Unsymmetrical Faults
According to the simulation technique presented in section A3.1 simulation 
of unbalanced shunt faults are presented. For unbalanced faults, the
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faulted phase or phases are represented by fictitious voltage source (s) 
in series with finite series impedance (s). The unfaulted phase or phases 
are represented by fictitious voltage source (s) in series with infinite 
impedance (s). For earth faults, the e.m.f of the hypothetical source (s) 
is equal and opposite to the prefault voltage to earth of the faulted phase (s)
at the point of fault and the series impedance is the fault impedance
connected between the conductor and earth. For phase faults, the hypothetical 
source e.m.f is equal and opposite to the line to line voltage between the
faulted pair of phases before the fault occurs and its series impedance is the
fault impedance between the pair of lines under consideration. It can be 
seen from the above that only the affected lines are fed from the hypothetical 
sources and therefore unbalanced energisation of the system is expected at 
the location of the fault.
A3.2.1 Single-line-to-earth faults
For single line-to-ground-faults, only the faulted phase fault impedance is 
finite and is replaced by a hypothetical voltage source in series
with a series impedance = as shown for an a-E fault in Fig (A3.2.b).
The fault impedance between each unfaulted phase and the earth and each 
pair of unfaulted phases is infinite. This is shown in Fig (A3.2.b) by the 
open circuited hypothetical voltage sources.
The circuit of Fig (A3.2.b) for an a-E fault can be replaced according to 
Thevenin-Norton's theorem to the circuit of Fig (A3.2.c), in which the 
source current of all sources except the faulted phase source is zero. 
Accordingly, the following relations apply:
" ^fa • ^ffa 
Ib = O x
in matrix form
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I^, I^, = total injected currents due to the fictitious current
sources to phases a, b, c respectively.
^ffa’ ^ffb’ ^ffc ” e.m.f’s of the fictitious sources connected 
between the earth and phases a, b, c respectively.
Y£^ = “ series impedance of the fictitious voltage
source.
and for the a-E fault
% a  = -Vfa . Ib = Ic = 0
V£^ = prefault voltage to earth of phase a.
For general single-earth faults, the admittance matrix given in equation 
A3.1 is diagonal having only one element corresponds to the reciprocal 
value of the fault impedance to earth.
A3.2.2 Double line-to-earth faults
Similar to the simulation of SLG faults, two line-to-earth faults (2LG) 
are simulated in Fig A3.3. Again, the fault impedances between the faulted 
pair of phases and between the urifaulted phase and earth are replaced by 
open circuited voltage sources. As the Figure shows a-b-E fault, all voltage 
sources involving phases a and b are switched on to thé circuit i.e. V££^, V££y, 
Vf fab in series with Z£^, Z£^, Z£^^ respectively as shown in Fig (A3.3.b). 
Similarly all current sources produce zero currents except that involving 
phases a and b, i.e. current sources I^q , and in parallel with Y£^,
Y£^ and Y£^^ respectively are switched on to the circuit.




^aO  ̂ ^ab
%  • Vffa + Î fab '-'ffa
V££a ■*■ % b ^  ■ Tfab'Vffb
ibo ■ L b
^£b'^££b
L a b ' % a
0
*^££a‘'̂ ££b̂  L a b  

















Again equation A3.2 may represent a general 2 line-ground fault where the 
off-diagonal terms of the fault admittance matrix corresponds to the 
faulted conductors concerned take the values of the negated (phase-phase) 
impedance reciprocals, while the diagonal terms take the values of the 
sum of the reciprocal of the phase-earth and phase-phase impedances.
A3.2.3 Line-to-line faults
For line-line faults, the fault impedance between each line-to-earth and 
impedance between phases are infinite, except for the faulted phases. An 
a-b fault is shwon in Fig (A3.4). The fictitious e.m.f source in
series with its impedance and the current source in parallel 
with the admittance are the only sources that inject current to the 
line as shown from Fig (A3.4.b,c) respectively.
From Fig (A3.4.c), the following relations apply at the fault point:
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L Lb
= Yab (Vffab) and
L = Lb %a 'Lfb̂similarly
= 'Lb
= -Lb •̂££a - L£b̂and 0
In matrix form
L Lb -Lb 0
L = -Lb Lb 0
_ L. 0 0 0
ffab ^ffa ■ Vffb




From equation A3.3 it can be said that for general isolated faults, the 
off-diagonal terms of the fault admittance matrix corresponding to the 
faulted phases concerned take the values of the negated impedance reciprocals 
(phase-phase), while their diagonal terms take reciprocal values of the
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c - Current sources in parallel with fault admittances.
Fig A3.3
Simulation of double line-ground faults (a-b)
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c - Current sources in parallel with fault admittances.
Fig A3.4
Simulation of line-to-line faults (a-b).
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APPEmiX (A4)
EVALUATION OF TRANSMISSION LINE CHARTS
A4.1 Steady-state Recovery Voltage Chart
For both charts, a factor ’k', named, capacitance ratio is required, 
k =
where: S  = S   A4.1
Cl = Cg^3C, 
as previously described in Chapter (2).
For the line construction considered, this ratio was shown to be (0.63), 
which is in complete agreement with that given by Kimbark^^^^ for a 
horizontal construction, 2 bundle/conductor line with 2-earth wires.
In recovery voltage chart, loci of constant values of plotted in
rectangular co-ordinates of degrees of compensation (ĥ , h^) are straight 
lines. The points of Fig (5.2) and able (5.1) are evaluated as follows: 





Hi = 1 - hi , Hq = 1 - hg
Vrpu = per unit value of steady-state recovery voltage.
As may be seen from Fig (5.2), another set of straight lines appear. 
These lines are of constant reactor (X^/X^) ratio. For example, for 
unearthed reactor banks, X^ = " , and the corresponding locus is the 
horizontal axis according to equation A4.4.
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hi = khp (Xq/Xi)




slope of any constent reactance ratio lines in Fig (5.2).
dh^
For Y connected reactors with solidly earthed neutral, Xq= X^ , i.e.
X^/X^ = 1.0. In this case the slope of this line is equal to (1/k),
and is shown by the dotted line BE of Fig (5.2). If the neutral is 
earthed through an inductance X^, its working region will be between 
X^/X^ = “ and X^/X^ = 1, i.e. between the horizontal axis and line BE.
In some cases the lines compensated may require a c a p a c i t a n c e ( c ^ )  
in the neutral instead of (X̂ ). These lines occupy the area below the 
horizontal axis. It might be also seen from Fig (5.2), that point ’B' 
(h^= ĥ = 0)represents the uncompensated line. It has also to be 
noticed that any point along line ’ACD’ represents a completely 
neutralized line inter-phase capacitance, i.e. no recovery voltage nor 
secondary arc current as will be shown in section A4.2. However, degrees 
of shunt compensation may be chosen some where along this line but away 
from point 'A*.This is because taking h^ = = 1, may lead to some
sort of series resonance which ultimately may result in a ver>̂  high 
voltage between the faulted phase and the earth. Similar resonance 
conditions may arise any where along the line marked (V^^ = » ) . Line 
'BE' is the locus for a 3-reactor scheme (the neutral is solidly earthed) 
It is parallel to 'AC'. As may be seen from Fig (5.2) the recovery 
voltage increases as one proceeds along the line. Its value is always 
higher than it would be if the correct neutral reactor is used. Point 
'E' represents a resonance case which occurs at h^ = (2+k)/3. For the 
line under consideration this occurs at h^ = .876.
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A4.2 Secondary Arc Current Chart
The second family of straight lines, representing residual fault 
current, are parallel and have positive slope. Loci of constant 
values of current as a function of degrees of shunt compensation 
(ĥ , h^) were plotted as shown in Fig (5.3).
Each number of points constituting one of the straight lines of Fig 
(5.3) are calculated as follows
«1 = k Hq - 3  A4.5
where :
^rpu permit value of the secondary arc current based
on the PPS charging current of the line.
The slope dh^/dh^ is 
dh^
dh^ = ....A4.6
The family of straight lines intercept the horizontal axis at 
(1 - k + 3 I^^) and their interception with the vertical axis is
(K - 1 - 3 I^J/k.
Equation A4.5 was used to get the family of straight lines of Fig (5.3)
Refering to Fig (5.3), positive signs of ’1^^' means that the 
residual current is in phase with the line charging current. The same 
thing applies to Fig (5.2), i.e. positive signs of means that the 
recovery voltage is in phase with the normal phase-to-earth voltage.
Transmission line charts are dealt with in more detail in reference (49), 
where all the equations presented are derived.
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APPENDIX (A5) DIGITAL SIMULATION OF RELAY MIXING CIRCUITS 
A5.1 Basic Considerations
The performance of distance relays is affected by the response of the 
auxiliary circuits used in deriving the necessary relaying signals. Therefore, 
adequate simulation of the transient response of the mixing circuits is 
essential in an investigation of this nature.
The relaying signals that are compared in a static phase-angle comparator 
to produce the polarised mho characteristics are of the well knoAvn formÇ^'’̂ ^̂
•
=2 ■
The current derived component of equation A5.1 is usually derived by passing 
the compensated current through a transformer reactor^^^^ (transactor), while 
the polarising voltage component (VP) is derived from healthy phase or phases. 
A better understanding of how the two voltage components are derived may be 
achieved from the following examples :
1- For a residually compensated a-E relay, equation A5.1 becomes:




k = residual compensating factor
= i (IzyzL^i -1)
ZLq , ZL^ = ZPS and PPS line impedances respectively.
KP^ = |Kpl |_90° = sound phase polarising voltage constant.
1res “ residual current at current transformer secondaries, 
la» Ib> ĉ currents in phases a, b and c at the current transfprmer 
secondaries respectively.




= current replica impedance.
2 - For a pure b-c phase fault, equation A5.1 becomes 
Si =
where
KP_ = | KP I 1 -9 0 °P p' --
Equations A5.2, A5.3 are a commonly used method for deriving the polarised 
voltage component and is the one used in the course of this work. A two- 
stage 90° phase-shift circuit necessary to ensure co-phasal relaying and 
polarising components during healthy conditions has been used and is examined 
in detail together with the transformer reactor circuit in the following 
sections.
When considering transient characteristics of distance protection, it is 
necessary to examine the time variation of signals and of equation A5.1, 
For an a-E fault, the general form of the two signals is:
^1 = h  P a  d) +k  ires d)] - (t)  ̂ ^
^2 = \  (d + [V^ (t)]
Apparently equation A5.4 shows that the function of the current derived 
component in signal S^, i.e. f^ [i^(t) + ki^^gCt)] is dependent on the method 
used to realise the replica impedance ’Z^’»For example an arrangement in 
which the compensated current is passed through a series combination of 
resistance and inductance has a different transient response from that of a 
parallel re si stance-indue tance-transformer reactor a r r a n g e m e n t . A l s o  
equation A5.4 shows that the function f^ [V^^(t)] is dependent on the method 
used to phase-shift the sound-phase voltage.
Signals and S^ are compared in a coincidence c i r c u i t p r o d u c i n g
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standard output pulses which are positive unity when and S2 are of the 
same polarity and zero when they are of opposite polarity. The pulses are 
applied to an integrating circuit whose output increases linearly during 
the time when the pulse is positive unity and falls at the same rate when 
the pulse is zero. The final element in the relay is a level detector 
which switches when the integrator output exceeds some preset value and 
resets when the output falls below some second value. A ratio of set to 
reset voltage of two for the level detector has been taken, and so the absolute 
minimum operating time of each of the six principle fault-type relays is one 
half cycle of power frequency.
The basis of the method of digitally simulating the transient response of the 
relays hings upon sampling the simulated relay signals at regular intervals 
(which has been oftenly 0.125 ms, throughout this work), to determine when the 
signals are simultaneously of like polarity and exceed the pick up or setting 
voltage level.
A5.2 Responses of Voltage and Current Transformers
Primary system wave forms presented in Chapters (6), (7) show that under
some fault conditions low frequency current components are produced. It is
the duty of modem high-speed static comparators that saturation effects can
be avoided and hence exponential and other low frequency components that
appear in the primary current are faithfully reproduced as scaled values in
the current transformer s e c o n d a r i e s . A l s o  under some fault conditions,
particularly fault inception time, it \\ias observed that high frequency
current components are produced in the system primary current. However,
(94)
WRICHT has shown that any high-frequency components present in the primary 
current of a transformer will be satisfactorily transformed. Furthermore, 
the author indicated that the accuracy of reproduction of high frequency 
components is higher than that obtained at the nominal power-system frequency
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particularly for predominantly resistive burdens. In this respect, it has 
to be mentioned that in modern schemes of distance protection, transformer- 
reactor arrangement is usually employed. Since the latter has an equivalent 
circuir of a parallel resistor-inductor arrangement, the majority of high 
frequency current components pass effectively through the resistive branch, 
and the resulting current transformer burden for high frequency components 
is therefore mainly resistive. Therefore, in order to correctly simulate 
the current transformer secondary currents, it is necessary when evaluating 
sysrem currents to include components in the spectrum up to 10 kHz. This
frequency is obviously much higher than the truncation frequency encountered 
in the primary system response presented in Chapters (6), (7) and thus the 
current transformer secondary currents are realistically simulated.
As far as the voltage transformers are concerned, all significant frequencies 
in the spectrum of the voltages appear at their secondary terminals and, again, 
a truncation frequency of 10 kHz, when computing primary system voltages, is 
sufficient for a true indication of the performance. In the course of present 
work, however, when simulating the primary system voltages, only frequencies 
up to the c.v.t high frequency cutoff-point (3dB) examined have been included 
when the time variation of voltages were evaluated using the inverse Fourier 
transform. Sealling down the voltage wave forms obtained (according to the 
nominal V.T. turns ratio) yields the voltages that would appear at the 
secondary of the high-fidelity c.v.t., with a frequency response of the 
idealised low pass type.
A 5.3 Simulation of Transformer-Reactor Arrangement
Due to the non-periodic nature of the current-transformer secondary current, 
it is necessary to adopt a step-by-step approach to evaluate the two input 
signals. In order to simulate the voltages developed by the transformer- 
reactor replica impedance circuits, the following procedure is followed:
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According to the equivalent circuit of the transformer-reactor referred to 
the primary shown in Fig (AS.l.a), and by neglecting the burden of the 
comparator and mixing circuits we have:
^  (t) .... AS.5.a
N dt
and
= ip(t) + iq(t)  A5.5.b
where
Lj,, Rp = referred magnetising inductance and resistance of transformer 
reactor.
Differentiating equation A5.5.b we get:
= Pip(t) + Piq(t)  A5.5.C
where
P = d 
ïït
From equation A5.5.a
Vq CI) = N . ip(t).Rp = N.Lj..Pi^(t)
or
P.Vg(t) = N.Pip(t).R.p
substituting the value of Pi (t) from equation AS.S.c 
.-. PVgCt) = N.R^.fPipCt) - Piq(t))
But from AS.5.a, Pi (t) = V^^t) , substituting in the above equation
N . Lp
.-. PV^Ct) = N.R^(Pip(t] - VgCt) )
N.Lp
.-. PVgCt) = N.R.J. Pip(t) - ^  . VpCt)




VpCt) + JaL- = N.Lp.diĵ (t) ....AS.6
dt dt
where
N = Ratio of secondary to primary turns on transformer reactor.
= Relaying voltage at voltage transformer secondaries.
= Relaying current - at current transformer secondaries.
Vq = Output voltage of transformer-reactor.
Equation A5.6 can be evaluated using step-by-step techniques in which the 
compensated current input is sampled at a rate of 1/aT, where AT is the time 
interval between current or voltage samples.
In terms of sampled values taken at times t^ = nAT, t^  ̂ = (n-l)AT, after
the process is commenced, the output voltage and input current at time
t^ = (n - AT may be \\ritten as:
V o ( y  = U o  ( y  + Vq /2
 A5.7
= CVq C V  - /4T
dt
and
- T ^ V l U  /AT .. A5.8
dt
Substituting equations A5.7 and A5.8 into equation A5.6, the output voltage 
of the transformer reactor at a time t^ is:
i W  - Tf^n-id - Vo(t„.p) n - h
= L AT Rj. AT-’.
a  +
R 'p. AT .... A5.9
At power frequency, the replica impedance is given as the output voltage 
divided by the input current as:
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= Zo = _ Z g ______________
\  Ĉ o/N^ ' ^  S'
Rj, . « Lrp
or  A5.10
J N Wĵ  Lp.Rp
 ̂ Rp+JV/̂ .Lj,
From equation A5.10
\ l  ] = N V/q L p .R p  = N .R p
4  + tan^ |Z  ̂ ....
and [Z^ = tan  ̂ / v; Lj,  AS. 11
Substituting equation A5.11 into equation A5.9, the output voltage can be 
written in an alternative form as:
V,0(tn) = [ 2  |Ẑ | sec LZ^ [i^ ( y  -
- Vg(t^_p) [Wq at - Cot [ Z ^ ] ] /  O '^p.AT + Cot IZ ^ )
A5.12
A5.4 Simulation of Polarising phase-shift circuits
From the polarising phase-shift circuit of Fig AS.l.b, we have:
Vg(t) = V^ 2 + V^^(t) + Vp(t)  A5.13.a
Double-differentiating equation A3.13.a w.r.t time
VgCt) ^ d^ V^2(t) + V,^(t) + d" Vq(t)  AS.lS.b
dt2 dt'
But from Fig AS.l.b
i^(t) = Cp dV^p(t) , i^Ct) = Cp dV(,2(t)
“4t  A S .1 3 .C
and the voltage drop across Rp = Vpp(t) = Rp (ip(t) - i2 (i))
multiplying equation A5.13.b by Cp and substituting the values of i^(t) 
and i2 (t) given in equation A5.13.C:
... Cp d' Vg(t) ^ ̂   ̂ ^  , Cp d' Vq(t)  AS.14.a
dt^ dt dt dt^
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Also from equation A5.13.C and Fig AS.l.b vr have: 








Vq W  = i g W . R p  
substituting equation A5.14.C into A5.14.b
AS.14.C
dip(t) = 1 d v ^ ^ W + Rp dizCt)
dt Rp L dt dt
1 Rp di.;(t)' , di2(t)
TV  ̂Cp dt J dt
1 D o M  + d V o W l + dVoCt)
Bp ‘-Rp.Cp ' dt J Rp.dt
dipCt) ^ Vg(t)  ̂ 2 . dVq(t)




Substituting equation AS.IS into equation AS.14.a,and substitute dVQ(t) = R^. 
diz^t)







3 d V ^ M CP . d \ ( t )  
1--
AS. 16
dt Cp.Rp Rp.dt dt'
Integrating equation AS.16, we get:
Cp. dVg(t) _ 1 / V^Ct) dt _3_ . V^Ct) C^. dV^Ct) + K
dt Cp.R^ Rr dt
AS. 17
where K = constant of integration.
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Solving equation A5.17 at two instants of time, i.e. t^ = (n - a)AT and 
t^ = (n + I)AT, respectively, so that on substitution, the constant of 
integration K is eliminated
C,
dt
fWl . -1 dt  ̂_3_ rvoCy-VoCt̂)-dt -1 Cp.Rp Rp
, Cp r dVo(ty) _ dVgCt^)
L dt dt
A5.18
Assuming piecewise linearisation between samples of the input voltage, the 
following relationships are obtained:







= [V g(tn) -  V g ( V l ) ]  / at
= [VqCVi) + V q C ^ ]  n  
= [ V q C M  + Vq(Vi)] /2
= [VqC V i ) -  V g ( y ]  / at 
= b o C n )  -  V „ ( V l ) 3  / atO'
and
. (n+l)AT
/  V„(t)dt = / V Ct)dt
^  " (n-l)AT ^
X
t
/  Vg(t)dt O'
A5.19.a
Cn-1) + 3 V^('n) + V^("n+1)O' .AT4
  A5.19.b
substituting equation AS.19 into equation AS.18, yields the step-by-step 
solution for the polarising circuit output voltage of the form:
S  [ V g C y p  -2 V g C y  + Vg(t^,p)]
AT
3 + ATr M L y  Cp . V„ft„)l / r
[ 4 .Cp.Rp J \j2Rp 8Cp Rp p̂.2- f t3 aTJ
AS. 20
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Equation A5.20 can be simplified by taking into account that in order to
obtain the required phase shift (90°) at power frequency, the circuit
parameters must be such that Rp = 1 , substituting into equation A5.20
Wg-Cp
Vo(yl / r  1 AT + w y  Apl
7 7 -1 -I «- 23 ^  . A r  + 2^ ” / r . . , ... .m. . ... z
8
. A5.21
It can be seen from equations A5.12 and A5.21 that in order to start the 
step-by-step process, a value for the initial output voltage in both cases 
must be available. This was achieved by starting computation during the 
prefault period, during which time an initial value can be calculated from 
the steady-state sinusoidal system response. It has to be noticed that when 
phase-fault-relays are simulated, where the healthy-phase voltage is to be 
shifted by (-90°), the derived component is subtracted from the relaying 
voltage and the precise level of polarisation required is obtained by 
utilising the approximate proportion of the total output of the phase-shift 
circuit.
The algorithms given by equations A5.12 and A5.21 have been tested for 
accuracy purposes by comparing the outputs obtained when the input is 
subjected to a variety of analythical wave forms such as a wave form with 
exponential, power frequency, and high frequency components. In all cases, 
it was found that, practically, there is no difference between the output 
voltages obtained using the analythical expressions and those obtained using 
the step-by-step techniques developed, using a sampling interval 












Transformer-reactor and phase shift circuits.
a - transformer reactor arrangement (referred 
to the primary).
b - Polarising phase-shift circuit.
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APPENDIX (A6) EVALUATION OF PROTECTIVE RELAY PARAMETERS
It has been shown that it is commonly necessary to place replica 
impedances in the secondary of the current transformers in order to 
develop the relaying signal given by equation A5.1. The best form 
of replica impedance, which is often used, is the transformer reactor 
whose modified circuit is given in Fig (AS.l.a). It is essentially an 
air gap transformer whose circuit originally is as shown in Fig (Ab.l.a).
is a burdning resistance so that neglecting the secondary winding 
reactance (which is relatively low because of the air gap), yields the 
equivalent circuit of Fig (aô.l.b), from which,
4 =  4
z„ = 3
b̂
N^(JX + R,/N^)  A6.1.am b
where is the replica impedance referred to the primary,
and |Ẑ  = tan^ R,/N^.X  Aô.l.b[_r b m
IZ I = 4 • 4  ̂ 4
^ R,Z + X 2 4  + N̂ '.X 2/R 2b m m b
. 2 " = \[
^m \  + Cot^4)T
(Rt/N2)2
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where tan *7 = R^/N^X^ , Cot *T =
R,
2 X ^  X ^
.'. Cot <tT =  3 -  = ■ ,
R ^
Ü  ■ - i
4  + Cot^ (j)T  A6.1.C
2But Z _ N r —
••• 4 4  = |Zr
substituting Z^ from equation (A6.1.c)
9
Iz I = ^r ' ' !-------s...  A6.2.a
+ Cot (J)T
where :
Z^ is the replica impedance at the secondary of the transactor.
The relaying signal produced by the transactor is therefore:
4  = 1 4 - 4
or in its transduced form
4 = 4 • :4 -  A6.2.b
where :
are the turns ratio of C.T and V.T respectively.
In terms of Z^ , becomes
4 = 4-1 4-44
S, N , V
or - J -  = -£-- - \ -  —1-4 4 I
N .N^ , V
or S, - -- . Z --
 ̂ N IV
If is zero, also yields to zero, and







Simple transformer-reactor equivalent circuit, 
a - Original circuit.
b - equivalent circuit referred to the primary
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APPENDIX (A7) EVALUATION OF MEASUREMENT ACCURACY OF RELAYS 
APPLIED TO 3-REACTOR COMPENSATED SYSTEMS
From Fig (A7.1), a solid a-E fault occurs at the far end of the line, 
and,
LI m
. i . i .  V i l i V
ill Z; jXj . Z3
The impedance seen by the sending end relay is:
Zr = \ /  (I, + k Ires.)
Va
Va [ (Zg + jXi)/(Zg.jXi) ] + k.Ircs.
Ires.= = 7  "
S jx^
Les. “ ^
z , ----------------- ------------------
Va (Zg + jX^)/(Zg.jX^) + k.V^Zg 
substituting k = i  f "1 J
Zr r (Zs-jx̂)/(Zg.jx̂) 1 + JL Zlo _
Z-Zs^ZLl ■ ^
WTiere Zg + 2 Z^ , Zj.̂  Zg - Ẑ
Substituting in the above equation yields;
7 =r (Z^^/jXp + 3   A7.1
For a non compensated system jX^ = » and the impedance Z yields the
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line PPS impedance
For any degree of shunt compensation (h^), will have a certain value 
and therefore ’Z^’ in this case will be definitely less than the PPS 
impedance 'Z^^'. Thus the impedance seen by the relay is less than 'Z^^' 
and the relay tends to overreach. The computational results presented in 
Chapter (9) also confirm this finding, see Table (9.6.a).
A A /^ — -n R R r— f
JX.
A A A —
/777
Fig A7.1
Solid ’a-E’ fault at the far end of a 3-reactor 
compensated system.
APPENDIX (A8) PUBLISHED WORK
Some of the work developed in this thesis has been published and is presented 
in this appendix.
Performance of distance protection of e.h.v. feeders 
utilising shunt - reactor arrangements for arc 
suppression and voltage control
A.T. Johns .,  B.Sc., Ph.D., C.Eng., M.I.E.E., M. El-Nour., M.Sc., and 
R.K. Aggarwal, B.Eng., Ph.D., C.Eng., M.I.E.E.
Indexing terms: Transmission-line theory, Relays, Waves
Abstract: Digital techniques for modelling the faulted response o f any arbitrary linear shunt-reactor compen­
sated e.h.v. transmission-line system are described. The methods are specifically developed to meet the 
requirements o f offline or programmable test-equipment-based feeder-protection studies. The essential 
differences in the faulted response o f  single and 3-section feeders are established by reference to 5 0 0 kV  
interconnections involving 4-reactor linear shunt compensators. An extensive study o f  modern distance 
protection applied to various feeder configurations is reported and the paper concludes with an evaluation 
o f  protection performance in a typical sectionalised interconnector o f length 550 km.
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=  line lengths of feeder having n 
sections
=  length of faulted line section 
=  distance to  fault
=  line lengths of sending-end com­
posite source 
^R(n-i) =  line lengths of receiving-end com­
posite source 
=  p.p.s. and z.p.s. shunt capacitance 
per unit length of assumed ideally 
transposed hne 
=  degree of p.p.s. and z.p.s. shunt 
compensation
— magnitude of p.p.s. and z.p.s. 
inductive susceptance of shunt 
reactor bank at nominal system 
frequency ( I / coqL i J/cooT-o)
=  magnitude of p.p.s. and z.p.s. 
capacitive susceptance of any line 
section at nominal system fre­
quency, assuming ideal transpo­
sition (coo C l  I,  Wo C q I )
=  phase and neutral impedances of 
shunt reactor bank 
=  p.p.s. and z.p.s. inductance of 
shunt reactor bank
— nominal system angular frequency 
=  angular freqnecy
=  any line length , etc.
=  voltage and current transforms
-  unit matrix
=  voltage eigenvector matrix 
=  modal propagation constant matrix
=  QyOr^
-  Q~^Z =  polyphase
surge impedance metrix
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z =  series-impedance matrix per unit
length of line
Y =  shunt-admittance matrix per unit
length of line
=  incident and reflected voltage trans­
forms
Z s^  Z r =  sending- and receiving-end main-
source impedance matrices
Z ss>  Z s R =  sending- and receiving-end com-
posite-source impedance matrices
S.C.I. =  short-circuit level
8 1 , 8 2 =  general form of relaying signals
V l — relaying voltage at voltage trans­
former (v.t.) secondaries
I I =  relaying current at current trans­
former (c.t.) secondaries
Zr =  current replica impedance
Vp =  sound-phase polarising voltage
Z s o l Z s i =  ratio of z.p.s. to p.p.s. impedance
of main source
0 =  null matrix
Subscripts
a, b, a =  phases a, b, c 
t =  transpose of matrix
1 Introduction
The use of shunt compensation for voltage control in long 
distance a.c. transmission feeders is a long established 
technique’ and recent years have seen increasing world­
wide interest in the use of various static shunt reactor 
devices^ as an alternative to  rotating synchronous compen­
sators. In the case o f static reactors, it is common to use an 
essentially balanced 3-phase set o f reactors which are 
directly connected to  the transmission line or are connected 
to  the system via transformers situated at various points 
along a complete interconnection.^ Until quite recently, 
very little had been reported on the performance o f distance 
protection applied in such situations. However, a study by 
Fielding et al.^ revealed that the performance of a distance, 
relay incorporating the extensively used block-average 
comparator arrangement,^ although satisfactory, was 
nevertheless modified somewhat when applied to  a relatively
lE E P R O C , Vol. 127, Pt. Q  No. 5, SEPTEMBER 1980
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simple single-section shunt com pensated lum ped parameter 
laboratory model system.^
The work reported in Reference 4 was confirm ed to  a 
consideration o f distance relay perform ances in a system 
utilising 3 -phase static shunt-reactor com pensation o f the 
hnear and saturable types. However, where single-pole 
autoreclosure is involved, it is com m only necessary to 
em ploy essentially Hnear 4-reactor arrangements in order to 
aid the rapid extinction o f secondary arcs and thereby 
perm it satisfactory reclosure foUowing transient faults.^’® 
In such arrangements, the main reactors are usually con­
nected in star w ith the com m on points connected to  earth 
through a neutral reactor, the parameters o f which are 
dependent on arc extinction times sought, the Hne para­
meters and the degree o f steady-state positive sequence 
reactive com pensation effected by the three main reactors.* 
Despite the fact tha t single-pole autoreclosure is being 
increasingly appHed globaUy, the state o f knowledge of 
typical m odern high-speed distance protection, even during 
the initial measuring prefault clearance period, is even more 
Hmited than tha t relating to  applications involving 3 -reactor 
shunt compensation. This paper therefore represents an 
attem pt to  rectify the latter deficiency.
It is im portant to  note th a t, quite apart from  any effect 
the alternative reactor arrangements may have on relay 
perform ances, the transmission-system configuration itself 
can significantly affect distance relay perform ances.’* In 
particular, the lower apparent frequencies o f the travelHng- 
wave induced com ponents which arise in long Hne appli­
cations are generaUy more troublesom e because they can 
faU w ithin the bandw idth o f the protective relays and signal 
transducers and thereby more significantly affect perfor­
m ance.”  Furtherm ore, long distance shunt-com pensated 
feeders are often  sectionalised w ith protection connected 
at the term ination o f each section, so tha t, even for faults 
close to  a particular relay, the travelHng-wave com ponents 
m ay stiU possess a relatively low apparent frequency. In 
general, it is therefore to  be expected that, irrespective of 
the precise nature o f the protective relays used, the vari­
ation  o f distance pro tection  perform ance with system 
configuration is Hkely to  be very m arked in long shunt 
com pensated sectionalised arrangements. The first 
objective o f this paper is therefore to  outHne the basis 
o f primary-system digital-simulation techniques which have 
been developed w ith the foregoing considerations in mind 
and which have been designed to  be sufficiently flexible to 
enable a larger variety o f protection gear application studies 
to  be perform ed using offline or real-time programmable test 
facihties than has h itherto  been possible. In order to  obtain 
maximum realism, the frequency variance o f  all Hne and 
earth parameters is sim ulated,’  ̂ together with the effect 
o f discrete conductor transpositions as com monly used in 
long distance transmission systems.
The second main objective is to  report the salient 
features o f  an extensive offline study o f the performance 
o f typical crosspolarised m ho relays utiHsing the block- 
average principle^’’'’ when appHed to interconnectors 
involving the use o f  horizontally constructed 500 kV lines. 
The results o f a general study involving single-section and 
3-section arrangements are presented and the effect o f  the 
degrees o f com pensation and feeder configurations on both 
speed and accuracy o f the relays is established. The paper 
concludes w ith a consideration o f  the perform ance of 
distance relays connected at the various locations along 
a typical 3 -section feeder arrangem ent operating at specific 
loading and com pensation levels.
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2 Basic system model
As m entioned previously, long shunt-com pensated feeders 
are often sectionalised w ith protection  and reactor banks 
situated at either end o f each section. From a protection 
point of view, it is particularly im portant to  be able to  
simulate faults on any feeder section and to determine 
the primary system faulted responses at the points to  which 
protective gear is connected. Earlier digital-simulation 
methods developed for studying distance relay perfor­
mances on relatively simple essentially homogeneous 
uncom pensated feeders’  ̂ are clearly not directly applicable 
in such cases, bu t they nevertheless form a very useful 
basis for the m ethods reported  in this paper.
Particular emphasis has been placed on providing a 
simulation which is sufficiently flexible for determining 
the response o f a feeder consisting o f an arbitrary num ber 
o f sections n. Fig. 1 shows the basic arrangement considered 
and it is evident tha t a sim ulation o f faults on the first 
section will involve a solution o f an entirely different set 
o f mathematical functions to  those involved when simulating 
faults on one o f the o ther sections. The mathem atical 
procedures and associated digital com puter programs 
necessary to provide a realistic sim ulation o f faults on single 
feeder sections’  ̂ are in themselves somewhat lengthy and
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Fig. 1 Basic system  m odel
com posite  




re c e iv in g -
source
[ZsrI
Fig. 2 Equivalent sy stem  m odel
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re c e iv in g -  
end source 
LZr]
Fig. 3  C om posite source n etw orks
a Sending end 
b Receiving end
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involved, and it has been necessary to  ensure that such 
problem s are no t com pounded to  the extent tha t, in com­
puting term s, a rather intractable solution results. With this 
very im portant factor in m ind, the com plete arrangement 
o f Fig. 1 is first reduced to  the equivalent circuit shown in 
Fig. 2. A com posite equivalent source is connected at each 
end o f the line section on which it is desired to  simulate a 
fault, the schematic arrangements o f the latter being shown 
in Figs. 3 a  and b  for the sending and receiving ends, 
respectively.
It is easily verified tha t, in order to  simulate faults any­
where on an «-section system, each com posite source must 
possess at least (« — 1) line sections. The line-length data can 
then be specified in accordance with the requirem ents o f a 
given study so as to  fix the section on which it is desired 
to  simulate a fault. For example, a fault on the midsection 
o f a three-section feeder (« =  3) is sim ulated by specifying 
the line-length data such tha t
Rl S2 R̂2 — 0
Alternatively, a fault on the line adjacent to  the sending-end 
source o f the same basic system would be simulated by 
putting Igi =  ls 2  — L , l i  =  I r i  , Zg =  lji2 .
3 Fundam ental relationships
3.1 Simulation o f  shunt-reactor banks
Fig. 4 shows the circuit o f the four-reactor arrangement 
considered. Although the line sections to  which such reactors 
are connected are not in practice ideally transposed, it is 
nevertheless com m on to  assume ideal transposition when 
determining the inductive parameters o f the reactors. This 
is the approach followed here so th a t, in terms o f the 
positive-phase-sequence (p.p.s.) and zero-phase-sequence 
(z.p.s.) values o f  the line shunt capacitance (C ,, Cq), the 
param eters o f the shunt-reactor bank when arranged to
com pensate one half o f any line section o f length I are as
given in eqn. 1 ;
h\ — — 2/(coô iCi/)
Z%o ■ B ĵqIBqo — 2/(aJô ô oO
(1)
There are a num ber o f factors which determine the degrees 
o f shunt com pensation {Hq , h^), and for a typical line
ila 2a
So
7 7 7 7 7 7 7
Fig. 4  Shunt reactor arrangem ent 
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they generally lie between extremes of zero and 1 -2 .^“  ̂
The line shunt capacitances ( C i , C q) are evaluated in the 
usual manner from an average sum of all the conductor 
self and m utual capacitances per unit length o f the line 
section under consideration. It is evident from Fig. 4 
that the p.p.s. inductance o f the reactor bank is equal 
to  the inductance per phase and that the z.p.s. inductance 
Lq = { L p  -\-3Ln). It follows from  eqn. 1 that the phase 
and neutral parameters o f the reactor bank are as given 
in eqn. 2 .
Lp — Ll — 2l{u>\hiC\l)
Lfi = 2(hiCi /2ô o)/(3̂ ô ô i ̂ 0^10
(2)
The resistances R p  and are relatively very low, a typical 
Q  factor o f each limb at nominal system frequency (power 
frequency) being 250. If suitable test data were acquired, it 
would be possible to  include any significant frequency 
variance o f the shunt-reactor parameters. However, resort 
to  this degree o f com plexity is o f somewhat questionable 
value in view o f the fact tha t, for distance protective gear 
evaluation, it is only the com ponents in the spectrum o f a 
disturbance up to  about 2 kHz which are o f greatest 
relevance.^® Reactor impedances consistent with constant 
values o f R p, R„, Lp and L „, as defined in eqn. 3 were 
therefore used in the course o f this work.
R p  ^  j(~oLp
coqHi C i I [250 Wo
(3)
2{hiCi — HqCq)
3 woZîq/î 1 CqC\ I
J - + / “
250 Wo
It is convenient ultim ately to  combine the shunt-reactor 
arrangements w ith the line sections involved and for this 
purpose the canonical form of the two port or transfer 
m atrix function defining the arrangement o f Fig. 4 (eqn. 4) 
is particularly useful.
(4)
The difference o f the current vectors [/ î —1 2 ] defines the 
current which flows in the reactor [/§] and the latter is 
seen to  be simply related to  the impedance m atrix [Zg] =  
[Tg] o f  the shunt reactor by eqn. 5.
Vl u 0 > 2’





Zp + z „
Zp +  z„ Z, Tsb
Zn Zp +  z„ he.
(5)
The subm atrix Yg =  [Zg]~^ which is used in the transfer 
m atrix representation o f the reactor is thus as given in 
eqn. 6 .
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[̂ s] — [̂ s] —
^pi^p + 3Z„)
Zp +  2Z„ 
~ Z „
—  Zy




Zp +  2Z„
(6)
3.2 Simulation o f  discretely transposed Une sections
In long distance transmission systems, discrete trans­
position o f the line conductors is often perform ed at 
the term ination o f  each section or at interm ediate points 
thereon. It is particularly im portant to  simulate the effect 
o f such transpositions, because they represent an abrupt 
point o f discontinuity from which incident wave com ponents 
are partially reflected. In consequence, it is to  be expected 
tha t the transient com ponents in distance relaying mea- 
surands will be affected. Fig. 5 shows a very common trans­
position arrangem ent which has been simulated in the course 
o f this work. A lthough this has been drawn only for the 
faulted section o f  the source and line model o f Fig. 2, 
the same transposition arrangements have been used to 
describe the unfaulted lines within each com posite source 
o f Fig. 3.
It has been found useful initially to  com pute the 
matrices describing each homogenous length o f line so that 
they are uniquely ordered in accordance w ith the conductor 
positions {a, 6 , c) on the homogeneous section adjacent to 
the sending end S. For a m idsection fault as shown, the 
transfer matrices describing the section between the fault 











A 2 f =  cosh {i//(2Z/3 — x)}, B 2 f 
=  sinh {i//(2I/3 — x)}Zo,
2̂f — 0̂̂ 2/'Fo, D2f — Fq/Iî/Zq 
and
A — cosh {\pL/3], B =  sinh {>//L/3}Zo,
C — YqBY q, D — YqA Z q
The polyphase propagation constant m atrix i// is obtained 
by using the voltage eigenvector m atrix Q to  transform  the 
system steady-state voltage differential eqn. 8 into a series o f 
uncoupled differential equations o f the form  o f eqn. 9.*^’ 
Now the products Q~^ exp (± y Ĵx)Q define exponents 
involving the modal propagation constant 7  (exp (± 7x )), 
and it follows from m atrix function theory that i// is com ­




=  Z Y V (8)
(9)
Com bination o f eqns. 7 to  form a total line transfer m atrix 
between points F and R can be achieved by introducing 
a transposing m atrix M  which effects the neces^ary trans- 
positions by relating the vectors [V^ 2  7^ 2 ] % [Fys Tga] 
The transposing m atrix is simply deduced by noting the 
previously m entioned manner in which the vectors in 
eqns. 7 have been ordered, i.e.
(7)
^R2 
J  R 2
Ŝ3
Ts3
— {VR2c^R2a^R2b^ R2cl R2a^ R2b\^
— [ ^S3 b  ^ S 3c  ^ S 3 a ^ S 3 b ^ S 3 c^ S 3 a l ^
S L a R1 q Ŝ2c F ' R 2 c S 3 b  ̂R 3 b  ̂ R La
R 2 g R 3 cS L b S 3 C R L b
f S a
R 3 o52b RLc
V,R l a , b ,  c f o ,  b ebe
Fig. 5  D iscretely transposed line m odel 
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M atrix [M]  is therefore as given in eqn. 10, so tha t the 
overall line transfer m atrix between points F and R  is 




I r 2 ^S3
■ B ïf ~A b ' 'Vr ~
[M] [M]
_ f i f D2f C D J r l_
^ L 2  B l 2 V r ~
C l 2 B>l 2 I  R L
(11)
T  0 ’0 1 6”
where [M] = and [T] = 0 0 1
0 _1 0 0_
By a similar approach, the line-transfer m atrix linking 
points F and S is obtained from eqn. 12.












Aif  =  cosh (\//(x  — L /3)}, 
Bif =  sinh (i//(x — L /3)}Z o,




' V s ' Ai Bi ~Vr  ■
= [M]
^SL Cl Di_ 7rl
Exactly similar m ethods are likewise used to  describe the 
overall transfer matrices between the fault point and the 
sending and receiving ends for faults on the first or third 
homogeneous sections o f the discretely transposed line 
model o f  Fig. 5. Furtherm ore, in the case o f an unfaulted 
section o f any length I w ithin the com posite sources, the 
line transfer m atrix between ends will be given by eqn. 13.
(13)
where
AI =  cosh {1////3},
Bi =  sinh (i////3}Zo,
Q  — VqB iYq,
— VqA iZq
3.3 Combination o f  line and shunt reactor banks
For com putational purposes, it is convenient to  combine 
the line sections w ith the shunt reactors in the manner 
illustrated in Fig. 6 to  form a line/reactor equivalent 
circuit. The situation at_ the receiving end j s  seen to be 
such that the vectors Irl— ^ ^nd I2 =Ir- It follows 
directly from the previously developed relationships o f 
eqns. 4 and 11 that
'V f ' A l 2 B l 2 ~Vr  =  V,
^fR Cl 2 B>L2 J r l — ^1_
^L2 "F Bl2 Fg Bî 2 
B>12 Yg Dl2
A  2 B-2
C 2 D 2
F 2 =  Vr




I  D I -  I 1 1 , :  ll
CO m p o s i  te 
r e c e i v i  ng  
s o u r c e  
IZsr]
c o mpos i t e
send i ng
s o u r c e
[Zssl
c o m p os i t e  
r e c e i v  i ng  
s o u r c e
c o m p o s  i te
s e n d i n g
s o u r c e
[̂ ss]
t r a n s p o s e d  l ine 
sect ion (x)
Du]
t r a n s p o s e d  l ine 
s e c t i o n  (L-x)
l i n e  / r e a c t o r
e q u i v a l e n t
section
l i n e  I r e a c t o r  
e q u i v a l e n t
Fig. 6  C om bina tion  o f  line a n d  shunt-reactor banks
a A ctu al arrangem ent 
b  E quivalent arrangem ent
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The transfer m atrix eqn. 13 which describes the equivalent 
line/reactor section linking points F and S is likewise 
derived from eqns. 4 and 12.
- I
Vf _ A l . + B l.Y, 




Now the to ta l current entering the first section at, say, 
the receiving end is given by Tr  = / „ _ i +  [Z„_i ]  
and it follows th a t the overall transfer m atrix o f the first 
section, including the local infeeding source o f impedance 






A n - l Bn- \
It is likewise possible to obtain an equivalent line/reactor 
representation for the unfaulted sections within each 
com posite source. In this case, however, the transfer m atrix 
describing the transposed line section (eqn. 13) has to  be 
pre- and post-multiplied by the transfer m atrix describing 
the shunt reactors (eqn. 4) to give the overall equivalent 
defined in eqn. 16.
(16)
Vs 'u  o' A i b ' i
3
' u  o ' 'Vr
= [M]
Ts Cl D i n  u ^R.
3.4 Computation o f  composite source impedances
It will be recalled from Section 2 that each com posite 
source consists o f a cascade o f (« —1) com pensated line 
sections as shown in Fig. 3. The effective impedances of 
the com posite sources have to  be precom puted over a 
range o f frequencies consistent with the bandw idths of 
the protection  and transducer arrangements under study^® 
and Fig. 7 is useful for illustrating the m ethods which have 
been developed for so doing. Each line and its associated 
term inating shunt reactors is represented by the transfer 
m atrix equivalent in the manner outlined in Section 3.3 
(eqn. 16). In the course o f this work, the impedance 
matrix o f each local infeed/outfeed (Z „_ 2 , Z „ _ j ,  etc.) 
has been estim ated from a knowledge o f the power fre­
quency short-circuit levels and the ratio o f  zero-phase- 
sequence to  positive-phase-sequence impedance o f the 
source in question. It is, o f course, possible to  com pute 
the source matrices corresponding to more com plex local 
source network models, bu t, in many applications, the 
local infeed during fault conditions is relatively small 
and the considerable extra com putational effort required 
can be avoided w ithout serious loss o f realism.
With reference to  Fig. 7, the transfer-m atrix equation 
17 defines the response o f the line/reactor com bination of 
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Fig. 7 C om posite source equivalent 
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+ [Z„_,]-l^„_i Drr-, +
K -
(18)
Similar relationships are likewise com puted to  describe the 
remaining (« — 2 ) source sections and their respective local 
infeeds. The requisite number o f transfer matrices required 
to  describe a given composite source are then multiplied 
in the usual canonical manner to  finally provide a matrix 
relationship o f the form of eqn. 19.
(19)
At the main source, the current and voltage vectors are 
related to the impedance m atrix [Zr ] by Vq =  [Zr \ I q 
and substitution into eqns. 1 9 yields Fj? =  [Ar Z r +  B r ]Tq 
and Ir  =  [Cr Z r  + D r ]Tq. The to tal com posite source- 
impedance m atrix at the receiving end [Zs r ] is then finally 
com puted from  eqn. 2 0 .
'V r ~Ar B r > 0'
J r . . C r ^R. Jo.
^SR — [Ar Z r  +  Br ] [ C r Z r  +  D r ] (20)
Similar procedures are likewise perform ed to define the 
to tal com posite source impedance [Zgg] at the sending end.
4 Fault sim ulation
The fundam ental relationships developed in Section 3 have 
been deliberately form ulated in such a way as to  effectively 
enable any com pensated feeder arrangement to  be reduced 
to  the faulted circuit model shown in Fig. 6b. Details 
o f the m ethods o f digitally simulating faults on such a 
model by using m atrix functions and numerically evaluated 
Fourier transform s are reported in Reference 12. It is 
worthwhile noting th a t the latter m ethods, which were 
developed for studying very much simpler uncom pensated 
single-section hom ogeneous feeders, were validated by 
com parison w ith fault throwing tests on an actual system. 
No corresponding field test data have been acquired for the 
case o f long shunt-com pensated feeders, and similar direct 
validation o f the techniques here developed has not there­
fore been possible. However, by  deliberately formulating 
the fundam ental relationships to reduce the present problem 
to a previously validated simulation form , it has been 
possible to press closer to actual field test validation than 
would otherwise be the case.
4.1 Parameters o f  systems studied
4.1.1 Line construction: Fig. 8 shows the typical quad, 
conductor 500 kV line configuration considered. The 
positions o f the conductors illustrated correspond to
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the positions over the first one third o f  the line section 
from the sending end of any discretely transposed section 
(see Fig. 5). The data for the line are:
(a) phase conductors are 4 x 477 MCM AI alloy, 
21-5 mm overall equivalent, 242 mm^ AI equivalent, 
19/4-3 mm stranding
{b)  earth wires are 7/35 mm Alumoweld '
(c) earth resistivity is 100  m.
The frequency variation o f all earth and conductor para­
meters is sim ulated.
4.1.2 Source and reactor parameters: The g -facto r a t the 
nominal power frequency o f 50 Hz was taken as 30 for 
all p.p.s. and z.p.s. source impedances. In practice, the 
normal service loading levels on long com pensated feeders 
are typically between one half to  two thirds o f the surge- 
impedance power level, and the corresponding level of 
p.p.s. shunt com pensation required (h^) is approxim ately 
0 75. For the line in question, the sequence capacitance 
ratio Co/Cl is approxim ately equal to  0-572, and the 
associated level o f zero-sequence com pensation Hq required 
to  theoretically minimise both  secondary arc current and 
residual voltages is approxim ately 0-563.^ The m ajority 
of the studies were therefore perform ed w ith the two 
latter degrees of com pensation bu t, in studies involving 
different levels o f p.p.s. com pensation, b o th  hi  and Hq 
were chosen so as to  minimise the secondary arcing currents.
4.1.3 System configurations: The num ber o f possible 
system configuration encountered in practice is, o f  course, 
very large, but feeders w ith more than  three sections 
between main sources are relatively rare. In order to  gain 
a general assessment o f bo th  primary-system responses and 
the associated distance relay responses, together w ith the 
effects o f system configuration and source conditions, etc., 
a general study has been perform ed for the two configura­
tions shown in Fig. 9. In the case o f  the 3 -section feeder 
(Fig. 9b), the local source infeeds were assumed negligible 
and faults were simulated on the 300 km midsection. A 
comparison o f the perform ance o f distance relays protecting 
an identical line o f length 300 km in b o th  single and 
3-section com pensated feeders was thereby possible. 
The main sources were modelled by the norm al lumped 
parameter source networks based upon the short-circuit 
levels and sequence-impedance ratios at power frequency. 
Shunt capacitance at the term inating busbars was delib­
erately not included in order to  enable the perform ance of 
the relays to  be obtained under conditions of worst case 
travelling-wave distortion.
The general study is usefully com plem ented by a specific 
study o f the response of distance protection applied to  a 
typical feeder arrangement operating a t specific system 
loading conditions. Fig. 10 gives details o f the specific 
system studied in which the first-zone operating tim e 
characteristics o f  distance relays connected at all line 
section term inations { S l R l S 2 R 2 S^R^) is examined. The 
ratio o f zero sequence to  positive sequence impedance o f 
each main and local source was taken as 0-5 and, in this 
case also, the main sources feeding busbars Si  and R^ 
were represented by simple lum ped param eter source models.
4.2 Main features o f  primary system responses
4.2.1 Effect o f  feeder configuration: Studies o f the alter­
native feeder arrangements illustrated in Fig. 9 show tha t 
for given faults and main source conditions, there is a very 
marked difference between the response o f single-section 
and 3-section feeders. Fig. 11 shows a comparison o f the 
responses observed at the relaying point S following a solid 
‘a ’-earth fault adjacent to  S  (x  =  0). Both voltage and 
current waveforms are seen to  differ significantly in the 
two cases but the most im portant feature of the response 
is th a t the current waveforms associated w ith the fault 
on the 3-section feeder are very considerably more distorted 
than is the case for the single-section arrangem ent. In this 
respect, it will be evident from  Fig. 9 th a t, in the case o f 
the 3-section feeder, the travelling-waves o f current set 
up following fault inception successively propagate through
3 00 k m
v a r i a b l e
r ece i v i ng
s o u r c e
va r i a b l e  
s e n d  Ing 
s o u r c e
v a r i a b l e  
hi , hg 100km
300km-
vor i  a b l e
s e n d i n g
s o u r c e
v a r i a b l e  
r e c e i v i n g  
s o u r c e
(Z50 )
1 5- 7 m
Fig. 9 General sy stem  configuration
a S in g le-section  arrangem ent 
b 3-section  arrangem ent
1 Om
•12 m 12 m
T r f T T T T T T T T T i
Fig. 8 5 0 0 k V lin e  construction  sim ulated
100km
250km
s .c. l .  = 1 5 0 0 MVA w i t h  
l o c a l  b r e a k e r  o p e n
s . c  l. = 5 0 0 0 MVA w i t h  
o c o l  b r e a k e r  o p e n
s  c l.= 2 0 0 M V A  ^  
w i t h  l o c a l  
b r e a k e r  o p e n '115kV
s. c  I . = l OOMVA w i t h  
l o c a l  b r e a k e r  o p e n  
115kV
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Fig. 10 Specific sy stem  configuration  
A, =  0 75 , Ag =  0 -5 6  for each sec tio n
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point S  tow ards S' and are partially reflected from  the 
latter back through S to  produce the relatively high levels 
of travelling-wave current distortion  observed.
Fig. 12 typifies the differences in the faulted phase 
voltage waveforms observed following identical earth  
and phase fault conditions on single and 3-section feeders. 
In b o th  cases, the fault is m idway between the relaying 
points S  and R  on the 300 km section (jc == 150 km). In the 
case o f the single-section feeder, the frequencies o f  the 
travelling-wave com ponents are largely governed by the 
wave transit times between the point o f  fault and the source 
discontinuity S  o f  Fig. 9a. They are consequently o f  
relatively high frequency by com parison w ith those 
produced on the 3-section arrangem ent where the wave 
transit tim e between the points o f m ajor discontinuity 
{F  and S')  is longer (see Fig. 9b).
The differences in the transient response o f  the alter­
native feeder arrangem ents o f  Fig. 9 is less m arked when 
considering faults at or near zero voltage point-on-wave.
4 0 0  " 4
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Qj -40 0-
- 6  00
a
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Fig. 11 F aulted response o f  general configuration fo r  close-up  
earth fa u lt
‘a ’-earth solid  fau lt at x  =  0; w aveform s observed at S  (F ig . 9 );  
sen d ing  s .c .1. =  5 G V A . receiv ing  s .c .1. =  35 G V A ;/i ,  =  0 -75  
a S in g le-section  feed er  (F ig . 9a)  
b  3 -section  feeder (F ig . 9 b)
However, it is im portant to  observe that in the case o f 
faults near peak voltage, the frequency of the travelling- 
wave distortion  in bo th  current and voltage waves associated 
w ith single-section feeders is relatively high. On the o ther 
hand, m axim um  voltage faults a t a corresponding position 
on the 3-section feeder produce relatively low frequency 
distortion which in turn will increase the relay measuring 
tim e by  an am ount which is dependent on the bandw idth 
o f the transducers and protective relay circuits.^®’“
4.2 .2  Effect o f  compensation levels: An extensive study 
o f  the arrangem ent o f Fig. 9 has shown that the fault 
transient com ponents caused following faults on bo th  
multi- and single-section feeders are largely independent o f 
the  level o f  shunt com pensation used. This is somewhat 
as expected because even for values o f /ij as high as 1 -2 , 
which represents a near maxim um  practicable upper lim it, 
each limb o f  the main reactor banks has an inductance 
Lp typically in excess o f 4H. It follows that the shunt 
reactors present w hat, for practical purposes, can be regarded 
as an open circuit to any travelling wave (essentially high- 
frequency) phenom ena. Indeed, it is only the lower- 
frequency phenom ena such as exponential com ponents o f 
current associated w ith faults near zero voltage point-on- 
wave which are affected by the reactors and, even in this 
case, the difference between the faulted response waveforms 
obtained w ith and w ithout shunt reactors connected has 
been found to  be small. It is therefore to  be expected th a t 
the transient accuracy o f  distance relays applied to  4-reactor 
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Fig. 12 F aulted  response o f  general configuration fo r  m id p o in t 
earth-fault
Sending s .c . l .  =  5 G V A ; receiving s .c . l .  =  35 G V A ; w aveform s  
observed at iS (F ig . 9 ); AZ] =  0 75;
  =  3 -section  feeder;
 =  sin g le-section  feeder
a ‘a ’-earth so lid  m id p o in t fau lt (x  =  1 50  km ) 
b  ‘a ’-‘b ’ so lid  m id p o in t fau lt ( x  =  15 0  km )
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w ith tha t o f  similar relays connected to  an uncom pensated 
feeder of the  same construction and length. This latter 
finding is largely in line w ith some of the results presented 
by Fielding et al. which showed that there was no serious 
degradation in the transient accuracy o f a block-average 
distance relay applied to  a single-section linear 3 -reactor 
com pensated feeder.'*
From a protection point o f view, the main effect o f the 
reactors is to  increase the steady-state com ponents o f the 
postfault current levels. This is, o f course, due to  the fact 
tha t, in the com pensated case, the reactor bank appears in 
parallel with the fault loop impedance, thus reducing the 
impedance presented to distance relays and thereby causing 
a slight overreaching tendency. Fig. 13 illustrates the 
foregoing point w ith reference to  the faulty phase currents
and voltages associated with an ‘a ’-earth fault on the general 
3 -section model o f Fig. 9b. It can be seen tha t the peak 
value o f the voltage waveform observed at S changes very 
slightly as the degree o f com pensation is increased. On the 
Other hand, the peak o f the current waveform at a com pen­
sation hi — 1 -25 exceeds tha t at the lower level o f com pen­
sation (hi =  0 5) by approxim ately 150 A.
5 Distance protection perform ance evaluation
The relays investigated are o f the crosspolarised mho type 
and utilise signals o f the familiar phasor form given in 
eqn. 2 1 .*"*
= h Z r - V i
So =  Vr +  Vr
(21)
400- Va
2 0 0 -
1 0 0 -
- 2 0 0 -
% - 4 0 0 -
Fig. 13 Typical effec t o f  degree o f  com pensation on prim ary 
system  waveform s fo r  3-section feed er
Send ing s .c . l .  — 5 G V A ; receiv ing s . c . l . =  35 G V A ; w aveform s  
observed at S  (T ig. 9 6 ); ‘a ’-earth so lid  fau lt at x  =  1 50  km
------------h  ̂ =  1 2 5 ,
 h  ̂ — 0  5
The foregoing signals are com pared in the well known 
block-average com parator arrangement,^ details o f  the 
m ethods for simulating the response o f the mixing and 
relaying circuits being given in Reference 10. Each relay 
is arranged to have a ratio o f set to  reset voltage o f 2 
and thereby possesses an absolute minimum operating 
time o f 10 ms on the nominally 50 Hz system.
The response o f first zone relays having a nominal 
setting o f 80% o f the line section in question is considered, 
and the level o f polarisation is 10% of the relevant sound- 
phase voltage(s). Each com parator has a setting voltage 
o f 0 1 V and, in the case o f the general application study 
configuration shown in Fig. 9, the majority o f  the responses 
were performed for source short-circuit levels o f 5 GVA and 
35 GVA at the sending and receiving ends, respectively. The 
latter conditions give relatively high levels o f travelling-wave 
distortion*^ and consequently enable a near worst case 
indication o f the perform ance o f  the relays connected at 
point S to  be obtained.
The nominal transducer ratios were taken as 500/0*11 
and 1200/1 for the vts and cts respectively. The frequency 
response o f the  vts was o f the lowpass high-fidelity type 









d e g r e e  of p.p. s .  c o m p e n s â t  i o n  _ h., ba
Fig. 14 Variation o f  reach o f  earth fa u lt relay with p .p.s. shunt 
com pensation
‘a ’-earth so lid  fau lts , ‘a ’-earth relay loca ted  at end S  o f  sin g le-section  
feed er  (F ig . 9a)
 sen d ing s .c . l .  =  5 G V A , receiv ing s .c . l .  =  35 G VA
 sending s .c . l .  =  35 G V A , receiv ing  s .c . l .  =  5 G V A
—  • —  sending s .c . l .  — 35 G V A , receiv ing s .c . l .  =  35 G VA
a fau lts at peak o f  prefault ‘a ’-earth voltage  
b fau lts  at zero o f  prefault ‘a ’-earth voltage
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point o f  view o f minimising relay operating times and 
ensuring reverse fault stability, a cvt high-frequency cu toff 
(— 3 dB point) o f 1 kHz was used.^°
5 .1 Genera! application study
5.1.1 Measurement accuracy: Fig. 14 illustrates how the 
degree o f compensation affects the reach o f the ‘a ’-earth 
relay at point S in Fig. 9a and, in accordance with the 
observations made in Section 4.2.2, the reach is seen to 
increase w ith the degree o f compensation. However, even 
at an extrem e level o f com pensation corresponding to 
hi = 1 - 2 ,  the reach does not exceed 247km  which in turn 
represents an overreach of less than 3%. On the other hand, 
w ith no compensation (A, = 0 ) the relays have been found 
to  operate for faults up to approxim ately 235 km, which in 
tu rn  corresponds to  about 2% of underreach.
It should be noted that the responses obtained include 
also all the errors which are unavoidably encountered in 
practice, i.e. residual compensation errors and errors caused 
by assuming ideal transposition when setting the relays. It 
follows that not all the error observed is attributable to  the 
presence of shunt compensation. In this respect, it is evident 
from Fig. 14 that the measurement error solely attributable 
to  com pensation does not exceed approxim ately 5%, a 
finding which has been found also to  apply to  the response 
o f  phase-fault relays.
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Fig. 15 Tirne-response o f  earth-fault relay app lied  to  3 0 0 k m  
com p en sa ted  line
‘a ’-earth solid  fau lt; ‘a ’-earth relay at end S  (F ig . 9 ); sending s .c . l .  =  
5 G V A ; receiving s .c . l .  =  35 G V A ;/i, — 0 75
 — =  relay applied to  3-section  feeder (F ig . 9 b)  (d ig ita lly  s im u­
lated)
------------=  relay applied to  sin g le-section  feeder (F ig . 9a)  (d igitally
sim ulated )
—  ■ — =  relay applied to  sin g le-section  feed er  (relay tested  on ana­
logue te st bench fa c ility ) 
a  fau lts  at peak o f  pre-fault ‘a ’-earth voltage  
b> fau lts  at zero  o f  pre-fault ‘a ’-earth voltage
arrangement and to  the relays connected at end R in Fig. 9. 
For practical loading and com pensation levels, no case 
involving a total error in excess o f ± 6 % has been observed. 
It can thus be concluded that there is, for practical purposes, 
no significant deterioration in the measuring accuracy o f 
block-average type relays applied to  linear 4-reactor shunt 
compensated feeders.
5.1.2 Relay operating times: Fig. 15 shows the tim e 
response of the ‘a ’-earth relay at S  for bo th  single and 
3-section arrangements which are typically com pensated at 
a level of /ii =  0 75. In the case o f f^aults which occur near 
zero voltage point-on-wave (Fig. 156), the responses are 
almost identical and there is, for practical purposes, no 
significant difference between the performances in the 
alternative configurations. Also shown in Fig. 156 is the 
time response revealed from a series o f tests on the block- 
average relay when using a signals derived from a lum ped 
parameter single-end fed dynamic test bench in which only 
the series impedance of the line was modelled. The model 
shunt reactors used had an unrealistically low 0 -factor 
of approxim ately 7 and, because only the series impedance 
of the line could be modelled, travelling-wave com ponents 
were not reproduced. Although faults near zero voltage 
produce relatively very low levels o f travelling-wave distor­
tion, they are nevertheless responsible for the slight dif­
ference in the responses obtained near the boundary o f 
operation. Despite the fact tha t the test bench sim ulation is 
not wholly realistic in terms o f simulating the prim ary 
system, the results obtained for zero voltage faults do 
correlate sufficiently well w ith the digitally sim ulated 
responses to provide a useful independent means o f  con­
firming the latter.
The much lugher level o f h.f. distortion produced 
following faults at voltage maximum produces a slowing 
o f relay responses and reference to  Fig. 15a shows tha t, 
unlike zero voltage faults, there is a marked difference 
between the relay response in the two alternative appli­
cations considered. For example, a fault at the m idpoint 
of the line gives relay operating times o f 20 ms and 30 ms 
for the single and 3-section feeders, respectively. F urther­
more, in the case o f relay applied to  the 3-section feeder, 
the response for a close-up fault deteriorates to the extent 
of being approxim ately 8 ms slower than that for an 
identical fault at maximum voltage on the single-section 
feeder. As m entioned previously, the lower apparent 
frequencies o f the travelling-waves observed in the case o f 
sectionalised feeders undoubtedly accounts for the slower 
response observed in the 3-section arrangement. The precise 
level of travelling-wave distortion present is quite clearly 
the main factor which determines the tim e response. This 
is particularly evident from  a comparison o f the single­
section feeder responses obtained by using the test-bench 
facility and the digital sim ulation (Fig. 15a). As m entioned 
previously, the bench testing programme included only the 
line series impedances and high-frequency com ponents o f 
relaying voltage and current were not therefore produced. 
The latter lim itation largely accounts for the difference in 
the responses obtained from the bench testing and digital 
simulation programmes and it further illustrates the 
im portant part which high-frequency distortion plays in 
determining relay responses.
A simplified com puter simulation in which only the line 
series impedance was modelled has been perform ed as part 
o f a partial validation exercise involving a comparison 
between the relay responses as obtained by dynam ic bench
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testing and digital sim ulation. For practical purposes, the 
responses thereby obtained were identical with the bench 
test results shown in Figs. 15a and b, thus providing evidence 
o f the realism w ith which the low-frequency response of 
the relaying circuit has been digitally modelled. Due to  the 
lim itations o f  the bench test m ethod, similar direct evidence 
o f the adequacy o f  the digital sim ulation in respect of 
modeUing the high-frequency response o f  the relaying 
circuits was no t possible. However, as part o f  the process 
o f vahdating earUer w ork on the block-average relays, 
some secondary injection tests involving discrete high- 
frequency com ponents o f voltage and current were per­
formed. These tests included injecting realistic levels of 
discrete high-frequency currents into the transformer- 
reactor circu it,”  and a com parison w ith the corresponding 
com parator responses as obtained by digital modelling 
revealed no significant inadequacies in the modelling 
o f the relay circuits. Similar block-average relays were 
considered during the course o f the work here presented 
and it has therefore been concluded that the digital 
modelling o f the relay circuits themselves is adequate for 
a realistic indication o f perform ance under field operating 
conditions.
The tim e response o f the ‘b ’—‘c’ phase-fault relay 
illustrated in Fig. 16 again shows that there is a marked 
difference between the operating time for faults at maximum 
voltage on the single and 3-section com pensated feeder 
arrangements. For example, for a m idpoint fault (approxi­
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Tim e response o f  phase-fault relay a pp lied  to  3 0 0  km  line
‘b ’-‘c ’ so lid  fau lts; ‘b ’-‘c ’ relay at end S  (F ig . 9 ); sen d ing s .c . l .  — 
5 G V A ; receiv ing s .c . l .  =  35 G V A
-----------  =  relay app lied  to  3 -section  feed er  (F ig . 9b) ,  =  0 75
---------- =  relay  app lied  to  sin g le-section  feed er  (F ig . 9a) ,  h^ =  0 75
  ----- =  relay ap p lied  to  sin g le-section  feeder (F ig . 9 a ), ft, =  0 75
a  fau lts  at peak o f  ‘b ’-‘c ’ voltage  
b  fau lts  at zero  o f  ‘b ’-‘c ’ vo ltage
approxim ately 40 ms and 24 ms for faults on the 3-section 
and single-section feeders, respectively. On the other hand, 
a corresponding fault a t the zero o f the prefault voltage 
gives an operating tim e o f approxim ately 12 ms for bo th  
feeder arrangements. A com parison o f Figs. 15 and 16 
shows that, irrespective o f  the configuration involved, 
the tim e response for pure phase faults is inferior to  that 
for single phase-to-earth faults.
The previously m entioned ex ten t to  which the degree of 
com pensation affects relay responses is also evident from 
Fig. 16. It can be seen that, although the phase-fault 
relay does not actually overreach its nominal setting in any 
application, a relative overreaching tendency occurs to  the 
extent tha t, for the single-section feeder, the reach is 
approxim ately 8 km larger (approxim ately 3% o f the 
relay reach) with a com pensation level of  hi ^  0 75 than 
that obtained for zero com pensation. Although no t illus­
trated , a similar margin o f relative overreaching tendency 
has been observed for the 3-section feeder.
5 .2  Spedfic appUca tion s tudy
The perform ance o f zone-1 distance relays protecting each 
section o f the specific application considered (Fig. 10) 
is shown in Fig. 17. Both earth-fault and phase-fault relay 
responses shown in Figs. 17a and b respectively, indicate 
that there is a marked difference in the perform ance o f 
the relays protecting each section. This is particularly 
so for faults a t peak voltage point-on-wave, there being 
just under one half-cycle o f power frequency difference 
between the close-up fault operating tim e o f the earth 
fault relays connected at points 5"! and S3. The corre­
sponding difference in the case o f phase faults is approxi­
mately three-quarters o f a cycle o f power frequency.
It is im portant to  note th a t the relay tim e responses for 
peak voltage faults in particular are generally more inverse 
in nature over the whole range o f possible fault positions 
than has previously been found to  be the case for simpler 
single-section uncom pensated feeders. For example, it 
can be seen from Fig. \ l b  that, in the case o f the phase 
fault relay protecting section S 3 —R3,  the operating
O 20
200 300 400 500
d i s t a n c e  to f a u l t  f rom S 
1
'1 -’2 ”2 -̂3
di  s t a n c e  to f aul t  from , km
Fig. 17 R esponse o f  relays a pp lied  to  specific system  configuration
System  details given in Fig. 10
----------- =  fau lts  at peak o f  prefault voltage
 =  fau lts at zero o f  prefault voltage
a  ‘a ’-earth so lid  fau lts  
b  'b ’-'c' so lid  fau lts
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tim e for a fault 75 km distant from end S3 reaches 
approxim ately 2-5 cycles o f power frequency.
The relative differences in the response o f the relays 
are conveniently illustrated by reference to  Fig. 18 which 
shows the relative responses o f the sending-end relays 
following faults at voltage peak. It can be seen tha t the 
difference in responses is much more marked in the case 
o f phase faults, there being a difference of approxim ately 
25 ms between the operating times of the relays at 51 and 
5 3  following faults a t half the respective relay reaches.
The response illustrated in Fig. 18a for the earth fault 
relay at 52 (protecting the 100 km midsection feeder) is 
useful for indicating the extent to which the performance 
o f m odern distance relays can be m odified in practical 
m ultisection shunt com pensated schemes. It can be seen 
tha t the operating time o f this relay always exceeds 20  ms 
and reaches approxim ately 30 ms for an earth fault at 
60% of the relay reach. On the other hand, earlier work 
concerned with identical block-average relays applied to 
'a single-section uncom pensated 400 kVfeeder o f comparable 
length (128 km) indicated a relay operating time o f approxi­
m ately 12 ms for single phase-to-earth faults over the whole 
o f the range 0 —60% o f the relay reach.
6 Conclusions
In this paper, m ethods are presented for realistically 
modelling practical 4-reactor shunt com pensated e.h.v. 
systems and techniques whereby the models may be used 
to  determine responses for arbitrary loading, source and 
com pensation conditions have been described. The 
com plexity o f typical shunt-com pensated systems has 
h itherto  represented a particularly difficult problem from 
a com putational point o f view, but the im portance of 
employing very realistic primary-system simulation tech­
niques which adequately model the system under 
consideration has clearly emerged. The results o f this work 
thus indirectly confirm  the desirability o f recent trends 
towards the use of programmable test equipm ent as an 
alternative to simpler more conventional approxim ate 
analogue testing techniques, and the digital methods of 
simulation described in this paper are o f obvious im portance 
in this context.
The majority o f the primary-system simulation studies 
utilised an IBM 360/195 com puter linked to  a Prime 400
2 0
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interactive com puter facility which in turn  was used for 
modelling the transducers and relay circuits. In computing 
terms, almost all the to tal requirem ent relates to  a simulation 
of the primary system, and typical c.p.u. times of approxi­
mately 25 s and 40 s for single-section and 3-section studies, 
respectively, have been required. The latter times are those 
required to  produce the time variation o f the voltages and 
currents a t both  ends o f a faulted line section for a postfault 
observation time o f approxim ately 250 ms. Work is now in 
progress to  reduce the com puting time by optimally 
structuring the software and by pre-evaluating and storing 
more o f those m atrix functions which are independent of 
both system configuration and fault position, etc.. 
Preliminary assessments indicate that, by so doing, the 
c.p.u. time required will be less than approxim ately one 
half o f present requirem ents.
Broadly, it has been found that it is the system confi­
guration, rather than the precise levels o f shunt com pen­
sation, which is the principal factor which determines the 
performance o f m odern distance protection applied to 
shunt com pensated feeders. For example, it has been 
found tha t following faults at peak voltage point-on-wave, 
there is a marked difference between the time responses 
in single-section and 3-section configurations. In particular, 
the relay operating tim e for close-up faults at maximum 
voltage is generally larger in m ultisection feeders than in 
otherwise similar single-section arrangements.
It is im portant to  no te tha t the time responses in respect 
o f faults at or near zero voltage point-on-wave have been 
found no t to vary significantly with application and further­
more they are, for practical purposes, almost identical 
with those obtained in similar uncom pensated feeders.
The main effect o f the shunt reactors is to cause an 
increase in the relay reach o f typically 5% over a p.p.s. 
compensation range o f 0 —1 2. Such increases are largely 
configuration independent, and it is concluded that the 
maximum reach which is likely to  occur in a given appU- 
cation will be some 5% in excess o f the reach as obtained 
in a similar uncom pensated application study. Furtherm ore, 
the studies have revealed that the overall error is such that 
the zone-1 reach does no t deviate from the nominal reach 
setting by more than  ± 6 %. On this basis, it can safely be 
further concluded that there is no serious likelihood of 
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The specific apphcation study reported in this paper 
shows that there is a significant difference between the time 
response o f the relays protecting each Une section. This is 
particularly so for faults at maximum voltage point-on-wave, 
where it has been found tha t a difference in close-up 
fault operating times o f typically one half-cycle o f power 
frequency can occur. Furtherm ore, it has been found that 
even for block-average relays with a theoretically minimum 
operating tim e o f one-cycle o f power frequency, operating 
times in excess o f one cycle over the whole range o f  fault 
coverage can occur for some of the relays applied to  the 
specific feeder application studied. In so far as it is possible 
to  generalise, it can be said tha t such responses are likely 
to  meet the requirem ents o f the m ajority o f appUcations 
bu t the system configuration dependent nature o f the 
problem nevertheless tends to  indicate the necessity for 
individual application studies in cases where some doubt 
exists. No serious problem relating to  the use o f block- 
average based com parator distance relaying schemes has 
been found, bu t it could be unsafe to  extrapolate the 
findings to  existing or proposed distance protection schemes 
utilising other comparison circuits.
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SHUNT COMPENSATED SYSTEMS
A T J o h n s ,  M A H  A b u e ln o u r  and R K A ggarw al
S c h o o l  o f  E l e c t r i c a l  E n g i n e e r i n g ,  U n i v e r s i t y  o f  B a t h ,  UK
1 . I n t r o d u c t i o n
U n t i l  v e r y  r e c e n t l y ,  l i t t l e  had b ee n  r e p o r t e d  on t h e  p e r f o r m a n c e  o f  m odern  
d i s t a n c e  p r o t e c t i o p  a p p l i e d  t o  lo n g  s t a t i c  s h u n t  c o m p e n s a te d  f e e d e r s .  A s t u d y  
by F i e l d i n g  e t  a l  h a s  h o w ev er  shown t h a t  d i s t a n c e  p r o t e c t i o n  p e r f o r m a n c e  i s  
m o d i f i e d  som ew hat when a p p l i e d  t o  s im p le  s i n g l e - s e c t i o n  s h u n t  c o m p e n s a te d  
f e e d e r s  b u t  t h e  l a t t e r  work was c o n f i n e d  t o  t h r e e  r e a c t o r  a r r a n g e m e n t s .
Where s i n g l e - p o l e  a u t o r e c l o s u r e  i s  i n v o l v e d ,  4 - r e a c t o r  s h u n t  c o m p e n s a to r s  a r e  
n e c e s s a r y  i n  o r d e r  t o  p r o v i d e  r a p i d  e x t i n c t i o n  o f  s e c o n d a r y  a r c s  ^ • The s t a t e  
o f  k n o w led g e  o f  d i s t a n c e  p r o t e c t i o n  p e r fo rm a n c e  in  lo n g  s h u n t  c o m p e n s a te d  f e e d e r s  
u s i n g  4 - r e a c t o r  a r r a n g a n e n t s  i s  h o w ev er  e v e n  more l i m i t e d  t h a n  t h a t  r e l a t i n g  t o  
3 - r e a c t o r  sch em es  a n d ,  i n  v iew  o f  t h e  i n c r e a s i n g  w o r ld - w id e  u s e  o f  s i n g l e - p o l o  
a u t o r e c l o s u r e ,  t h i s  p a p e r  i s  p r i m a r i l y  c o n c e rn e d  w i t h  r e p o r t i n g  some r e c e n t l y  
d e v e lo p e d  p r i m a r y  s y s te m  s i m u l a t i o n  t e c h n i q u e s  t o g e t h e r  w i t h  t h e  s a l i e n t  
f e a t u r e s  o f  an  e x t e n s i v e  r e s p o n s e  e v a l u a t i o n  o f  d i s t a n c e  p r o t e c t i v e  r e l a y s  
u t i l i s i n g  t h e  w e l l -k n o w n  b l o c k - a v e r a g e  t e c h n i q u e .
2 .  B a s i c  s h u n t  c o m p e n s a te d  s y s te m  m o d e ls
S h u n t  c o m p e n s a te d  f e e d e r s  a r e  r a r e l y  s e c t i o n a l i s e d  i n t o  m ore t h a n  t h r e e  c o m p e n sa ­
t e d  s e c t i o n s  a n d ,  i n  o r d e r  t o  o b t a i n  a n  a s s e s s m e n t  o f  t h e  p r i m a r y  s y s te m  r e s ­
p o n s e s  and  a s s o c i a t e d  d i s t a n c e  r e l a y i n g  p e r f o r m a n c e s ,  t h e  tw o b a s i c  c o n f i g u r a ­
t i o n s  shown i n  F ig  1 h a v e  b ee n  s t u d i e d .  F o r  t h e  3 - s e c t i o n  f e e d e r  ( F i g  l b )  t h e  
i n t e r m e d i a t e  s o u r c e  i n f e e d s  v>#ere a ssum ed  t o  be  n e g l i g i b l e  an d  f a u l t s  w ere s im u ­
l a t e d  on t h e  300km m i d - s e c t i o n .  A c o m p a r i s o n  o f  t h e  p e r f o r m a n c e  o f  d i s t a n c e  
r e l a y s  p r o t e c t i n g  a n  i d e n t i c a l  l e n g t h  o f  l i n e  i n  b o t h  s i n g l e  an d  3 - s e c t i o n  
f e e d e r s  was t h e r e b y  p o s s i b l e .
3 . Pi’-im ary s y s te m  s i m u l a t i o n
r i g  2 shows t h e  c i r c u i t  o f  a t y p i c a l  4 - r e a c t o r  a r r a n g e m e n t .  In  t e r m s  o f  t h e  
p . p . s .  a n d  z . p . s .  v a l u e s  o f  t h e  s h u n t  c a p a c i t a n c e  o f  t h e  l i n e  (Cj^,Cq) t h e  p a r a ­
m e t e r s  o f  an y  s h u n t  r e a c t o r  bank c o m p e n s a t in g  a l i n e  s e c t i o n  o f  l e n g t h  I  i s  a s  
g i v e n  i n  eqn ( 1 ) .
h ,  = 2 /w ? L-C £
^ 9 ̂   ̂ (1)h = 2 /w r  L C £ ^
o o o o
The f a c t o r s  w h ich  d e t e r m in e  t h e  d e g r e e s  o f  s h u n t  c o m p e n s a t io n  ( h ^ , h ^ )  a r e  w e l l  
d o cu m en ted  i n  t h e  l i t e r a t u r e  ^ an d  w i l l  no t  be c o n s i d e r e d  i n  d e t a i l .  In  
p r a c t i c e  h ^ ^ h g  l i e  b e tw e e n  e x t r e m e s  o f  0 and 1 .2  and i t  i s  p o s s i b l e  t o  d e t e r m i n e  
t h e  r e a c t o r  im p e d a n c e s  from eqn ( 2 ) .
^  (2)
Zn  = . j 2 . ( n i C , - h ^ C n ) / 3 . n
C o m b in a t io n  o f  th e  s h u n t  r e a c t o r  a r r a n g e m e n ts  w i th  t h e  v a r i o u s  l i n e  s e c t i o n s  i s  
c o n v e n i e n t l y  a c h ie v e d  by u s e  o f  t h e  c a n o n i c a l  r e l a t i o n s h i p  o r  eqn  ( 3 ) .  In  t e r m s  
o f  t h e  b a s i c  r e a c t o r  p a r a m e t e r s  ( Z p , Z ^ ) ,  t h e  s u b - m a t r i x  [Yg] u s e d  i n  so  d e s c r i b ­
ing  e a c h  r e a c t o r  i s  g i v e n  by eqn ( 4 ) .
u  1 0
(3 )
-1
z (Z +3Z ) p p n
Z +3Z -Z -ZP n n n
-Z Z +3Z -Zn P n n
-Z -Z Z +3Zn n P
(U)
F ig 3 shows th e  method used to  reduce th e a c tu a l compensated feed er  model (F ig  
3a) to  an e q u iv a len t model (F ig  3b) in  which the l in e  s e c t io n s  up to  and beyond 
th e  f a u lt  p o in t are combined w ith the term in atin g  r e a c to r s . With re feren ce  to  
F igs 2 and 3 , the s i t u a t io n  a t  th e r e c e iv in g  end i s  such th a t  “ ^1 and 
%2 = Ir* Furtherm ore, i t  i s  p o s s ib le  to  d escr ib e  the l in e  s e c t io n  between the  
p o in t o f  f a u l t  and th e  r e c e iv in g  end u sin g  th e tw o-p ort polyphase r e la t io n s h ip  
o f eqn (5)^.
(5 )
where A = cosh * ( l - x ) ,  B = sin h  * ( l - x ) Z , ,  C_. = Y B__Y , = Y A,_Z ,^ ® O LZ O LZ O IjZ O
^  = QyQ « Q = v o lta g e  e ig en v ec to r  m atrix , y = propagation  con stan t  
m atrix , Z  ̂ = Y^  ̂ = polyphase surge impedance m a trix .
Combination o f eqns (3 )  and (5 ) i s  performed to  ob ta in  th e  r e la t io n s h ip s  o f  
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I t  i s  l ik e w ise  p o s s ib le  to  ob ta in  an o v e r a ll  tw o-port m atrix  d e scr ib in g  the  
l in e  and rea c to r  s e c t io n  between the sending-end and f a u l t  p o in t . In th e equ iva­
le n t  c ir c u i t  o f  F ig 3 , each source term in atin g  the fa u lte d  s e c t io n  RS com prises 
th e  main source and, where p r e se n t , the in feed in g  compensated .s e c t io n s .  The 
b a s is  o f  th e frequency domain based d i g i t a l  methods o f  s im u la tin g  f a u l t s  on a 
c ir c u i t  model o f  the e q u iv a len t form o f  F ig 3b are g iv en  in  r e fer en ce  3.
3 .1  Line c o n fig u ra tio n
A ty p ic a l  500 kV quad conductor l in e  model has been s tu d ie d . Frequency varian ce  
o f a l l  l in e  and earth  plane param eters has been in c lu d ed  and th e  data are:
(a ) phase conductors are 4x477MCM A I, A llo y , 21.5m o v e r a ll  e q u iv a le n t , 242 sq mm 
AI e q u iv a le n t , 1 9 / 4 . 33  stra n d in g ; (b ) ea rth  w ires are 71.35mm Alumoweld;
(c )  earth  r e s i s t i v i t y  i s  lOOAn. Each l in e  s e c t io n  has the u su a l d is c r e te  
tr a n sp o s it io n s  a t  in t e r v a ls  o f  o n e -th ird  o f  the t o t a l  l in e  len g th  in v o lv ed .
3 .2  Source and R eactor Parameters
Each limb o f the shunt r ea c to r s  was arranged to  have a Q fa c to r  o f  250 a t 50Hz 
and th e  corresponding Q fa c to r  fo r  each main source was equal t o  30. Normal 
ser v ic e  load in g  on lo n g -compensated  feed ers  i s  t y p ic a l ly  between one h a lf  to  
two th ir d s  o f surge impedance power load in g  and the corresponding l e v e l  o f  p.p.  
shunt compensation req u ired  ( h^) i s  approxim ately 0 . 75 .  For th e  l in e  con­
s tr u c t io n  considered  the a s so c ia te d  le v e l  o f  z . p . s .  com pensation req u ired  to
' n e u tr a lise  seconcary arc cu rren ts and r e s id u a l v o lta g e s  Ch^) i s  approxim ately
0 .57 .  The m ajority o f the s tu d ie s  were performed fo r  the la t t e r  two d egrees o f  
compensation but in  s tu d ie s  in v o lv in g  oth er l e v e l s ,  both h  ̂ and h^ were chosen  
so  as to  minimise secondary arcin g  cu rren ts .
4 . S a lie n t  Features o f  Primary System Responses
An e x te n s iv e  s e r ie s  o f s tu d ie s  have show n,that there i s  a very marked d if fe r e n c e  
between the response o f  s in g le  s e c t io n  and 3 -se c t io n  fe e d e r s . For exam ple. Fig  
4 shows a comparison o f  th e resp on ses observed a t  the r e la y in g  p o in t  S fo llo w in g  
a s o l id  "a"-earth f a u l t  a t  S (x=0) .  The v o lta g e  waveforms are seen to  d i f f e r  
s ig n i f ic a n t ly  and, most im p o rta n tly , the waveforms a sso c ia te d  w ith th e  f a u l t  on 
the 3 -s e c t io n  feed er  are very co n sid era b ly  more d is to r te d  than i s  the case  fo r  
th e  s in g le  s e c t io n  arrangem ent. The reason fo r  th is  i s  th a t the tr a v e l l in g  
waves o f current s e t  up in  the 3- s e c t io n  feed er  o f Fig 1 s u c c e s s iv e ly  propagate 
through p oin t S towards p o in t S' and are p a r t ia l ly  r e f le c te d  from S' back 
through S to  produce r e la t iv e l y  h igh  l e v e l s  o f  tr a v e llin g  wave d is t o r t io n .  In 
the ca se  o f the s in g le  s e c t io n  fe e d e r  (Fig  la )  the t r a n s it  tim e between any 
p o in t o f  fa u lt  and the p o in t a t  which the r e la y s  are connected i s  r e la t iv e l y  
sm all and much h igh er frequency more ra p id ly  a tten uated  tr a v e l l in g  wave d is t o r ­
t io n  i s  produced. S im ilar  f in d in g s  have been found to  apply to  pure in terp h ase  
f a u l t s  c le a r  o f  ea r th .
5 . Performance o f D istance P r o te c tio n
The r e la y s  in v e s t ig a te d  are o f  th e c r o s s -p o la r is e d  mho type and u t i l i s e  s ig n a ls  
o f th e form S  ̂ = 1^7^  -  V^, Sj = Vl + Vp. The s ig n a ls  are compared in  th e  
block-average comparator arrangement and d e t a i l s  o f the methods o f s im u la tin g  
th e  response o f the r e la y in g  c i r c u i t s  and transducers are g iven  in  re feren ce  4 . 
The response of zone-1 r e la y s  having a nominal s e t t in g  o f 80% o f  th e  300km l in e  
s e c t io n  are co n sid ered , and 10% o f  sound phase p o la r isa tio n  v o lta g e  i s  u sed . 
Nominal transducer r a t io s  o f  5 0 0 /0 .1 1  fo r  the v . t . ' s  and 1200/11 fo r  th e  c . t . ' s  
were tak en , and a c . v . t .  h igh  frequency c u t - o f f  (-3dB p o in t)  o f  IkHz was u sed .
5 .1  Measurement Accuracy
F ig 5 shows how the degree o f  com pensation a f f e c t s  the reach o f  th e "a"-earth  
r e la y ,  and i t  can be seen th a t th e  l a t t e r  tend s to in crease  w ith  th e  degree o f  
com pensation. However, even a t  an extreme le v e l  o f  h^ = 1 . 2 , the  overreach  
i s  l e s s  than 3%. With no com pensation , th e r e la y s  are found to  p o sse s s  about 
2% o f underreach. To summarise, i t  has been found th a t fo r  p r a c t ic a l  load in g  
and compensation l e v e l s  th e t o t a l  measurement error i s  w ith in  ±6% o f  th e  
nom inal value and i t  can be concluded th a t ,  fo r  p r a c t ic a l p u rp oses, th ere  i s  
no s ig n if ic a n t  d e te r io r a t io n  in  the measuring accuracy o f such r e la y s  when 
a p p lied  to  lin e a r  4 -r e a c to r  shunt compensated feed ers .
5 .2  Speed o f  Operation
The tim e response o f an "a"-earth  r e la y  a t S on the a lte r n a tiv e _ c o n fig u r a t io n s  
o f Fig 1 (hL=0.7) i s  shown in  F ig  6 . I t  can be seen from Fig 6 th a t  th ere  i s  
a very  marked d if fe r e n c e  between the resp on ses in  the a lte r n a t iv e  c o n fig u ra tio n s , 
For example, a f a u lt  a t  the m idpoint o f the l in e  g iv e s  re la y  op era tin g  tim es o f  
20ms and 30ms fo r  th e s in g le  and 3 -s e c t io n  feed ers r e s p e c t iv e ly . In the case  o f  
a r e la y  app lied  to  the 3 -s e c t io n  fe e d e r , the response fo r  a c lo se -u p  f a u lt  
d e te r io r a te s  to  the e x te n t o f  being approxim ately 8ms slow er than th a t fo r  an
id e n t ic a l fa u lt  a t maximum voltage on tne s in g le  se c t io n  feeder.  For fa u lt s  at 
or near vo ltage  zero point-on-wave there i s  l i t t l e  d ifferen ce  between the 
responses in  the two a lte r n a tiv e  co n fig u ra tio n s. Indeed, i t  has been found 
th a t the performance fo r  zero voltage fa u lts  d i f f e r s  l i t t l e  from th at o f re lays  
applied  to  much sh orter  uncompensated feed ers . ^
5. Conclusions
The performance o f modern.high speed d istan ce  p r o tec tio n  u t i l i s in g  ty p ic a l  
block-average comparator devices i s  s ig n if ic a n t ly  a ffe c te d  by the system con­
fig u r a t io n , ie^ the s e c t io n a l arrangements in vo lved . Measurement accuracy has 
n o t, fo r  p r a c t ic a l purposes, been found to  vary s ig n if ic a n t ly  w ith the degree 
o f compensation employed. In the case o f fa u lt s  near peak vo lta g e  p o in t-on -  
wave there i s  however a s ig n if ic a n t  d ifferen ce  in the r e la y  operating tim es fo r  
an id e n t ic a l r e la y  p ro tectin g  the s in g le  or 3 -se c t io n  feed ers . This i s  p r i ­
m arily  due to  the la rg er  tr a n s it  tim es involved in  the la t t e r  arrangement^with 
th e r e s u lt  th a t the higher frequency components are o f  r e la t iv e ly  low frequency. 
Consequently, there i s  some increase in  re la y  operating  tiroes in  3 -sec tio n  
feed ers  and^in some a p p lica tio n s where fa s te r  fa u lt  clearance tim es are sought  ̂
i t  may be necessary to  reappraise the s itu a t io n  in  r e la t io n  to  the p r e - f i l t e r  ing 
o f  re la y in g  s ig n a ls  p r ior  to  processing in  block-average comparators.
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